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PREFACE 


A text-book in electrical engineering emanating from Union 
College may be the occasion of some surprise to those who have 
been conversant with the development of the electrical course 
in that institution. The authors have, it is true, recorded their 
objections to the use of a prescribed text. These objections still 
hold good. In brief, they are, first, that a prescribed text tends 
to take the life out of the class room, whether the course be con- 
ducted by lectures or recitations, and second, that it tends to take 
the life out of the study by relieving the student of responsibility 
of continued effort. 

At Union College the fundamental aim is that the student 
shall first comprehend, and then, create. Comprehension comes 
through directed effort. This, the student acquires readily in 
the laboratory, but in the class room, it is not so easy. The 
recitation falls short because it deals with the individual rather 
than the class. The lecture fails when the student knows he can 
fall back upon the text-book. The fault, however, is not with 
the text-book itself, but with the use that is made of it. 

Obviously, then, its proper use is as a means of directing the 
student’s effort toward comprehension. Indeed, it should com- 
pel effort, not in order to make up for an author’s failure to ex- 
press himself clearly, but in order that the ideas shall sink in and 
make permanent impressions on the mind. The book should, 
therefore, be so constructed and used that it shall be an additional 
aid to the student in creating his own expression of the ideas 
with which he is brought into contact in the lecture, the recitation 
and the laboratory. It is desirable that fundamental ideas shall 
become fixed and clear in the student’s mind as soon as possible, 
thus leaving him in a position to exert his full mental effort on 
that which is more advanced. 

As he progresses, he should acquire, more and more, the power 
of self-direction, that is, the power to create or construct his own 
ideals. Creative work finds its primary impulse in imitation. 
The student should have before him, at the outset, a model, 
which he is faithfully to copy. 

Vv 
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In attempting to embody these principles in the present 
volume, the authors have sought to maintain a harmonious inter- 
relationship between the book and the class room. The lectures 
which form the basis of the book were first delivered eight 
years ago. In that, and subsequent years, students have had to 
rely for assistance upon their own notes and on help received 
individually from instructors. Many of the problems assigned 
are now worked out completely or in part in the text. They 
thus cease to be available for assignment, but the ideas contained 
in them have been extended to form new problems whose solutions 
will be obtained only after study of the problems solved. 

These new problems have generally remained unsolved, in the 
past, owing to lack of available time. It is believed that they 
may now be carried through with fair completeness and, indeed, 
that many other suggestions coming from them may be followed. 

It is the belief of the authors that no book on Electrical Engi- 
neering can now be produced which does not bear testimony to the 
pioneer work of such writers as Fleming, Silvanus Thompson, 
Bedell and Crehore, Steinmetz and McAllister. 

In addition, the authors desire to acknowledge their indebted- 
ness to Dr. A. 8. McAllister who has critically gone over the 
manuscript, to Mr. N. 8. Diamant for suggestions relating to 
material contained in the earlier portions of the book, and to Mr. 
Ki. 8. Lee for assistance in reading the proof. 
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ELECTRICAL ENGINEERING 


CHAPTER I 
UNITS 


As it is assumed that the student has had an elementary 
course in Physics, it seems feasible to omit herein the definition 
of the fundamental mechanical and electrical units. However, 
before taking up the electrical engineering problems, it is essential 
that a review be made of the chapters in physics relating to these 
units. 

The student should be able to present, not only by means of 
equations, but in words—for this is far more important—the 
relations between force, work, energy, power, torque, etc. 

In regard to electrical units it is assumed that he is already 
familiar with such terms as ‘‘current”’ and ‘electromotive force”’ 
and appreciates that . 

Current is analogous to water flowing. The absolute unit of 
current is the abampere. The practical unit is the ampere. One 
abampere is 10 amperes. 

Quantity, likewise, is analogous to water at rest. The practical 
unit of quantity is the coulomb, which is the amount of electricity 
involved when 1 amp. flows throughout 1 sec., or, 1 amp. sec. 

Difference of potential is analogous to pressure-difference and is 
the electromotive force which causes current to flow in a circuit. 

The absolute unit of potential-difference is the abvolt. The 
practical unit is the volt, which is 108 abvolts. 

Resistance is that property of the material of a circuit which im- 
pedes the flow of electricity. The absolute unit of resistance is 
the abohm. ‘The practical unit is the ohm, which is 10° abohms. 
Resistance depends on material and temperature. With constant 
temperature, 


bw 
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where 


R = resistance of a given conductor, 
p = specific resistance or resistivity of the material, 
1 = length, and A = area of cross-section, of the conductor. 


Specific resistance or resistivity, is the resistance of a unit cube of 
any material taken between opposite faces. 

In practice it is sometimes convenient to use the resistance of a 
wire 1 ft. long and 0.001 in. in diameter as the unit of resistivity. 
This unit is called the circular-mil-foot. 

In problems involving resistance, it is frequently convenient to 
use the reciprocal of resistance, known as the conductance. 


1 ; ae : 
G= R where G is the conductance of a circuit of resistance R. 


Likewise the reciprocal of resistivity, called conductivity, is often 
used. 

The resistance of a wire at any temperature t, when its resistance 
at any other temperature is known can be calculated by the 
following equation 


Re = Re {1 + a(t — ti)] 
When t; = 0°C. then R, = R(1 + ad) 


where R; is the required resistance at any temperature, t, R, in 
this case is the resistance at 0°, and a@ is a constant, called the 
temperature coefficient. 

For copper, a = 0.004 (approximately) when ¢ is given in 
Centigrade degrees. 

At any other temperature the value of a is: 


1 
7 D545 een 


a 


where ¢ is the temperature in degrees C. 

Since a depends upon the temperature, in all calculations in- 
volving @ its value is calculated for that temperature at which the 
resistance is known. 

Knowing the resistance R; at a temperature t; the resistance 
Re at temperature ft is thus accurately determined from the 
following relation: 


Ry eee: 
334.5 4at; = 284 Eee 


UNITS 


TasLe I 


Table I gives approximately the temperature coefficients and resistivities 
in ohms per centimeter cube of some of the more common electrical con- 


ductors at ordinary temperature. 


Conductor Temp. coefficient « Resistivity 
INDRA, os oo oo coo wo cme dad bee 0.0042 Mo) SK WOE 
(CEN SITS tench che Ged crate (ee ine ee ree —0.00052 720 S< 10-¢ 
(Clayey ers, ES eon eee ea ae 0.004 ho 3< 1KGRe 
Cermangsily. crac eNee sos tee oe 0.00027 ORO mel Ome 
IBQORA o aucic: Shah ta a B eRe Ra eater 0.0046 ©. SX Or 
BNC Ke litmpee etre tater ha. ete ad et 0.0062 12.4 X 1078 
Platinum... 0.0036 OD < Or 
Silvers pee cites ee, wee eg Ae 0.004 8 SOG 
BIRT OSL CTEM Py pret eee ts cs eho tires, 0.005 i S< ILOre 


Development of Ohm’s Law.—According to Onm’s law the 
current in a circuit at any instant is equal to the potential differ- 
ence divided by the resistance, or, 

E 
R 

Obviously, where a number of resistances are in series, the 

total resistance is the sum of the individual resistances, or, 


(Bi via? Vata pel 


Two Resistances in Parallel.—To find the total current J, and 
the currents J,, I, in the resistances 7; and 72, when a potential 
difference E is applied (Fig. 1). 

By Ounm’s law, 


Reotat = 2r 


1k E I, 
I, = ry? 2 rs S To 
and 
Ba ays Fra. 1. 
1p ah 
= E(1/n + 1/re) 
T%] T2 
i tes ole 
= B| T71P2 | 


To find a single resistance, 7,, which shall be the equivalent of 
r, and fr in parallel, evidently 


ii gp eS 
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Whence, 
aedrirs 
4 Tilctake 
Having two resistances in parallel, in series with a third resist- 
ance (Fig. 2), to find the combined resistance. Let the combined 


To 


resistance of r; and rz ber. Thenr, = ———: 
frit Te 


a The condition is, then, that of two re- 
és sistances 7, and r; in series and the total 
C) r, resistance R = ro + 13. 
suas Hence 
rs 3 E E 
Hide 2: Bid ype ae wees 


To find J; and Io. 
It is evident that J = J3. 

Knowing I; and r3, we may at once determine EF; which is the 
potential difference, or drop, across r3. Thus, by Oum’s law, 


E3 = Tors. 


It is evident that the potential difference F,, across 7; and r¢ is 
HE od Es. E 

d E, 0 

.1,= Ty? I» ee To. 

General Solution of a Network by Kirchoff’s Laws.—In cir- 
cuits or networks of a more complicated nature in which the 
resistances and electromotive forces are known, the currents in 
the various branches may be calculated by the application of 
Kircuorr’s laws which may be stated as follows: 

Law I.—The algebraic sum of all the currents flowing toward 
a branch point is equal to zero. a 

Law II.—The algebraic sum of all the 
e.m.fs. acting around a closed circuit is ‘|r 
equal to the sum of the products, r2, 
around the mesh. Or the impressed 
e.m.f. is equal to the sum of all e.m.fs. 
consumed by the resistances. 

For example, let the circuit be as 
shown in Fig. 3 where arrows represent arbitrarily chosen direc- 
tions of current. For the points A, B, C, D, applying Law I, 
equations may be written: 


Fig. 3. 
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A. (sis = 0 (1) 
B. ts — tg — 44 = 0 (2) 
C. Tio age) (3) 
DD 


Applying Law II, where the short arrow represents the direc- 
tion of the e.m.f., to the meshes (a) e, 73, 74, (b) €, 71, 75, (C) T1, 72, 
3, (d) T2, 75, T4, always keeping an arbitrarily chosen counter- 
clockwise direction, we have, 


(a) rt + 7323 + rats = € (5) 
(b) TL + Titi + T5t5 = € (6) 
(c) Tt — Tel. — T3t3 = O (7) 
(d) Tete + sts — Tats = O (8) 


There is one extra equation in each group as there are only 
six unknown quantities, 7, 71, 22, 73, 24, 75. 

In calculating the resistance of more or less complex circuits 
it is helpful to remember that current does not flow between 
points of the same potential. 

If, in Fig. 3, there is no difference of potential between points 
B and C there will be no current in the branch r9. 


PROBLEMS 


Problem 1.—If the resistivity (resistance of a cubic centimeter between 
parallel faces at 0°C.) of copper is 1.6 X 10~® ohm, (a) show that the resist- 
ance of an inch cube of copper is 0.63 X 10~§ ohm; (b) show that if the 
temperature coefficient, a = 0.004, the resistance of a centimeter cube at 
20°C. is 1.73 X 10~* ohm; (c) show that 
the temperature coefficient per degree 
Fahrenheit is 0.0022. 


A 


Fig. 4. Garo. 


Problem 2.—If a wire be connected across the terminals of a source of 
constant e.m.f., a current will flow. Will this current increase, decrease, or 
remain constant as time goes on, and why? 

Problem 3.—Deduce the equation for the equivalent resistance of three 
resistances connected in parallel. 

Problem 4.—Find the line current J, and the voltage across rs in the 
circuit, shown in Fig. 4. # = 100 volts, r, = 1, r2 = 2, 73 = 3. 

Problem 5.—Let the outline of a cube, Fig. 5, consist of resistances, each 
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edge being 1 ohm. Prove that the total resistance between A and B is 
14 ohm; between A and C is 34 ohm; between A and D is 5¢ ohm. 


Effects of Current in a Wire.—When a current is set up in a 
wire three effects may be noted, namely: (1) the wire gets warm, 
(2) a compass needle placed near the wire is deflected, and (3) 
when the voltage is high enough bits of paper may be attracted. 

The amount of energy delivered through the wire does not bear 
a relation to any one of these effects, but if the second and third 
effects are multiplied together, or, as commonly expressed, if 
the strength of the magnetic and electric fields are multiplied to- 
gether the product is a value which is proportional to the amount 
of energy transmitted through the wire per second, or to the 
power. Thus we may write, 

P= ke 
where P is the power and k is a constant. k is unity when e, 
which is proportional to the strength of the electric field is ex- 
pressed in volts, 2, which is proportional to the strength of the 
magnetic field is expressed in amperes, and P is in watts. 

The first effect, that is, the production of heat is due to con- 
sumption of energy in the wire due to its resistance. The second 
effect is due to the setting up of a magnetic field about the wire 
by the current. The third effect is due to the setting up of an 
electric or electro-static field in the region about the wire by the 
difference of potential between the wire and other points in space. 

Power.—In a given circuit, then, 

Poss iki ik x le AR 
in which F is the total e.m.f., J the current, and R the total re- 
sistance of the circuit. 

This relation, known as Joutn’s law, is very important, as it 
shows that the power is proportional to the square of the current 
strength and to the first power of the resistance. 

The heat developed by this power depends upon the duration of 
the current, and is expressed in joules. Thus, heat energy = 
EIt = I?Rt joules, where E£ is in volts, J in amperes, and ¢ in 
seconds (the current and voltage being assumed constant during 
time f). 


te 
In general, the energy converted to heat is W =f ardt. 
ui 


Problem 6.—Prove that if the current is represented by equation 


i = [sin at, 


UNITS ff 


: Te ; , 
the energy per cycle is W = [2r 9 where T is the time of a complete cycle. 


2p 
The average power is then a = EY 


ies OF 
2 2 
Problem 7.—Prove that the average power is: P = (> aF =| r when 
t= J, sinwt + 7;sin (80t + a). 


Heat Units.—The practical heat units most frequently dealt 
with are the British thermal unit (B.t.u.), and the large and small 
calories (C. and c.). 

One B.t.u. is the energy required to raise the temperature of 1 
lb. of water 1°F. 

1 B.t.u. = 1.055 kw. sec. 


One large calorie is the energy required to raise the temperature 
of 1 kg. of water 1°C. 


il CG, = 4h let, SOG. 


One small calorie is the energy required to raise the temperature 
of 1 gram of water 1°C, 


1c. = 0.0042 kw. sec. 


Problem 8.—A 16-cp. lamp which consumes 3 watts per cp. is immersed 
in a quart of water at 20°C. Assuming no loss of heat, (a) what wiil the 
temperature of the water be after 2 min.? (b) How long would it take to 
evaporate the water? 


Solution.—(a) Temp. will be 20° + °C. rise. 
PCa: kw. sec. 
-Tise = “75 


3 
kw. sec. = fo99 X 16 X 2 X 60 = 5.76 


iqiine le kor 


qt. per kg. = 1.057 
Gael Z 
.. °C. rise = 4.2 X 1.057 = 1.45. 
Temp. after 2 min. = 21.45°C. 
(b) Time to evaporate = time to raise to boiling + time required to 
furnish latent heat of vaporization. 
Time required to boil 1 qt. = time to raise 1 qt. 1° X (100° — 20°) 
2 min. 5 
= ane a SOe— a LOS mata. 
Time required to evaporate = calories required to evaporate + calories per 
min. supplied by lamp. 
Dot, Cae Keer 2.50) ; 
Sat, a Oe 508 + 0.685 
= 742 min. 


.. Total time required = 110.3 + 742 = 852.3 min. = 14hr. 12 min. 
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Problem 9.—Transform problem 8 into °F. and B.t.u. 

Problem 10.—If electric energy costs 10c. per kw. hr., how much would 
it cost to prepare a hot bath by electric means, if the bath required 50 gal. 
of water raised in temperature by 50°F.? 


Solution.—Cost = kw. hr., X $0.10 
kw. sec. _ kw. sec. to raise 1 gal. 1° X 50 X 50 


Number of kw. hr. = SEO eee mar 


1 gal. weighs approx. 8.4 lb. 

.. kw. sec. to raise 1 gal. 1° = 8.4 < 1.055 = 8.86 
Sigua lie, = eBEUPS aus 
a Paar 3600 


Coste) Gon 0 108 tS OLG15. 


= 6.15 


Problem 11.—Four car heaters each take 4 amp. at 125 volts. Find the 
cost per 10-hr. day at 10c per kw. hr., to operate them on a 500-volt circuit, 
(a) when they are connected in series, (b) when they are connected in parallel. 

Answer.—In series, $2.00; in parallel, $32.00. 


Problem 12.—If the car contains 3000 cu. ft. and is insulated against loss 
of heat, how much time is required for a rise in temperature of 20°C. when 
the heaters of problem 11 are connected (a) in series, (b) in parallel? 

Answer.—In series, 12 min. 44 sec.; in parallel, 48 sec. 

Note.—Specific heat of air at constant volume = 0.167. 


CHAPTER II 
FORM OF WORK 


In order that students may gain the greatest possible advantage 
from pursuing the course of study, it has been thought best to 
include in the body of the book, at this point, a brief statement 
of the procedure which the student should adopt in the working 
out of the problems. He is urged to familiarize himself with the 
method, and to follow it rigidly until, in so doing, he has thor- 
oughly acquired the habit of careful and accurate work. 

Object of Problems.—Problems are almost universally con- 
sidered to be indispensable in any engineering course. Their 
function is similar in many respects to that of laboratory experi- 
ments. They illustrate the theory. In this respect problems 
may be divided into two groups, namely: 

(a) Those in which the general equation is applied to a definite 
concrete case, and , 

(b) Those in which the general equation is investigated for the 
purpose of finding out the whole range of definite value which 
may be obtained from one variable by assigning definite values 
to one or more other variables. 

As an illustration of the first group, we will take the following 
example: 


Problem 13.—Ten arc lamps, in series, are used to light a certain building. 
They require 6.6 amp., and the potential-difference (drop) across each lamp 
is 80 volts. Current is supplied from a power house 2000 ft. distant, by 
means of No.6 B. & 8. wire. If the energy is measured at the power house, 
find the cost at 10c. per kw. hr. to light the lamps 8 hr. per day. 

Solution.—Cost per day = power X hr. X $0.10 


Power, 
P=P,+Py 
where : 
Py = power required by lamps = nEI 
_ where 
n = number of lamps 
and 


Pw = power lost in the wire 
Py = ek 
9 
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where 
R= total resistance of wire 
length 
R = resistance per 1000 ft. X “1000 


resistance per 1000 ft. of No. 6 wire = 0.4 ohms at 75°F. 


Then 
4000 
a—TOl4: * 7000 ~ = 1.6 ohms. 
Pw = 6.62 X 1.6 = 70 watts 
Py, = 10 X 80 X 6.6 = 5280 watts 


P=P,+ Py = 5350 watts = 5.35 kw. 
Cost =15:351 G8 XS OL 0s S43 0A is: 


Such problems are typical of existing conditions. An engineer 
continually meets them where he is trying to find what results are 
being obtained from a given installation. In solving them, 
accuracy is the prime consideration, and this is obtained by avoid- 
ing short cuts and following through, step by step, a logical de- 
velopment. These problems are of far less importance and inter- 
est to the engineering student than problems of the second group. 


Fic. 6 


As an illustration of these take the following example: 


Problem 14.—A load of 50 kw. at 250 volts is to be supplied by a power 
house distant 2000 ft. from the load. If the line costs 20c. per lb. of copper 
laid, find and plot (a) efficiency of transmission against size of wire; (b) cost 
of copper against size of wire; (c) efficiency of transmission against cost of 
copper. 


; on load 50,000 
Solution.— Efficiency = load +line loss B0,000 +1°R 
0,000 
[= = = 200 amp. 
: : 50,000 
- Efficiency = 55 900 -+ 40,000R 
length 
R= 1000. X resistance per 1000 ft. = 4 Xr 
length 


X wt. per 1000 ft. = 4w. 


FORM OF WORK iil 
Tabulation: 

Wire No. (B. & S.) | 0000 00 1 4 8 12 16 
r per 1000 ft.2...... 0.049) 0.078) 0.125) 0.25 0.64 1.60 4.0 
a ee OL OGIRORS 12 On 50) A) DO 6.4 16.0 
Wt. per 1000 ft = w 641 403 253 126 50 20) 7.9 
Wes SDs on oa mans 2,564) 1,612) 1,012 504 200 80 31.6 
Cost at $0:20.....- 512.8] 322.4) 202.4} 100.8 40 16 6.32 
AOU SS TI, 56 7,840) 12,480) 20,000} 40,000) 102,400} 256,000) 640,000 
50,000 + 40,000R ..| 57,840) 62,480] 70,000] 90,000) 152,400} 306,000; 690,000 
Efficiency.......... 0.865 OSSiOR aD iOS 0.33 ORG MORO TZ 


The curves are plotted in Fig. 7. 


7 


i) 


) 


0 
0000 09 L 


7 9 11 
Size of Wire 


200 300 


By ay aly 


400 500 


Summary.—The curves show (1) efficiency of transmission 
decreases as wire becomes smaller, at first slowly, then rapidly, 
and then, for very small wires, slowly again; (2) the cost of wire 
decreases as wire becomes smaller, at first very rapidly, then more 
and more slowly; (3) efficiency increases with cost, rapidly at 
first, for low efficiencies and costs, then more and more slowly. 


1 From wire tables. 
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It is evident that this problem could be greatly extended so as 
to include other variables, such as current density in the wire, 
cost of lost energy, etc., and indeed it is characteristic of this 
type of problem that there are always suggestive lines of investi- 
gation which tend to stimulate the student’s interest. 

The work of solving the problem may be divided into a number 
of parts, thus: (1) statement of problem, (2) diagram of circuit, 
(3) analytical work, (4) tabulation of values, (5) plotting of 
curves, (6) summary, or statement in words, of the results 
obtained. 

The statement of the problem should be concise. The dia- 
gram should be an illustration of the statement, and should con- 
tain the symbols to be used. 

The analytical work should be carried out as far as possible 
with symbols before the numerical values are substituted. In 
the above example there is very little opportunity for the use of 
symbols, owing to the shortness of the problem. In later prob- 
lems this feature will be more apparent. 

Tabulation should be arranged with care, and should be planned 
so that columns can be conveniently added. Asa rule, it is well 
to assign along the horizontal various values of the independent 
variable, and proceed, step by step, to the dependent variable. 
As in this case, there may be different combinations of variables, 
as number of wire, cost, and efficiency. This makes the tabula- 
tion more complex, as it would be by any other procedure, but it 
is still entirely clear. The plotting of curves is then carried out, 
and this should be done neatly and preferably in ink. 

The problem should then be completed with a brief statement 
of the results obtained. It is not always easy to make students 
take this last step, but they should be required to do so, and to 
follow this general plan throughout, until they have formed the 
habit of doing it and need no further compulsion. 

There may be other ways of working these problems efficiently, 
but it seems justifiable to urge teachers and students to adopt this 
method in preference to any other to which they are accustomed. 
It will insure uniformity and logical arrangement, will make cor- 
recting easy, and will commend itself to the student as well as 
the teacher. 

In working problems of this nature there are other objects than 
merely to illustrate and enforce the theory. 

Great stress is laid on them, not only for the engineering knowl- 
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edge which they contain, but because of their structure, which, it 
is believed, strongly tends to develop those qualities most essen- 
tial in an engineer. For instance, the mathematical develop- 
ment calls for insight and understanding, the tabulation calls 
for concentration of mind, the summation of results calls for 
accuracy, and a study of the plotted curves calls for judgment. 
At the same time, efficiency, the keynote of the engineer, would 
be lacking if the problems were not done in the shortest and best 
way consistent with obtaining the desired results, and it is obvious 
that many hours will be wasted, both to student and instructor, 
unless the work is done with order, accuracy and neatness. 


CHAPTER III 
MAGNETISM 


Farapay explained magnetic phenomena by assuming that 
surrounding a magnet or a wire carrying current were lines of 
force. 

The stronger the magnet or current, the stronger is the magnetic 
field, that is, the more lines of force per square centimeter. 

The introduction, then, of a magnet into a space means the 
establishing of a field of force. 

To get quantitative ideas about field strength he made use of 
the symbol H which was called the intensity of the field, or the 
force on unit pole placed in the field. It seems an unfortunate 
term since intensity and density are readily confused. 

B, the density of the field, or the number of lines of force per 
square centimeter, is proportional to H, and also to a quantity p, 
the permeability or magnetic conductivity of the medium in 
which the intensity, H, exists. Thus 


Bias. 


In air, where p = 1, it follows that the number of lines of 
force per square centimeter is 


! 
i ie | ca numerically the same as the 
ees | Ve rae intensity of the magnetic 
eee ee m, field H. 

oe Beer By ~ __-H, the force per unit pole, 

ee rs | > et is expressed in dynes. 
ni Vi | ~ =. The force exerted on a pole 
more not of unit strength, but of 


strength m, is 
I’ = mH dynes, 


where, of course, H is caused by other poles than m. 

Consider, now, an isolated elementary pole of strength m, from 
which n lines of force, per unit pole, protrude radially and uni- 
formly in all directions (Fig. 8). 

14 
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At a distance r from m, no matter what the medium is provided 
it is uniform, the density of the field is B = i >», Since the area 


of a sphere of radius r is 4ar?.. The force, H, on unit pole is then 


B nm 
: Thus the force on pole m, is F = Ee 


Bw Arr Anrur™ 
CouLoms, working in air, found experimentally that the force 
between two poles of strength m and m, could be expressed by 


=k ae and he would have found Ff = oe a 


mented in a medium of permeability, u 

Therefore, k may be written unity ifn = 47. In other words, 
if it is assumed, as is the case, that 47 lines protrude from unit pole. 

Gauss came to the same conclusion from another point of view, 
and the relation ¢ = 47m is called Gauss’s theorem. 

In words, Gauss’s theorem states that from a pole of strength 
m radiate outward 47m lines of force, or the total outward flux, 
¢, from pole m is 47m lines. 

Cylindrical Poles.—To find the intensity of the magnetic field 
H at a point distant r from a uniform cylindrical pole of strength 
m (Fig. 9). By Gauss’s theorem the flux ¢ = 47m, and B= 


had he experi- 


pH = . The area of a cylinder of radius r and length | is 
. Arm 2m 2m 
2nrl. Thus B, at p, is Seah oak and A = nar 
Deh eto rn 
erabae ts del RL Lae 
HIME 50 as Sees aay 
| | 7 | ae | == 
PNG ene “aes 
Fia. 9. Fig. 10. 


Fiat Poles.—Tc find the intensity of the field, H, at a point dis- 
tant d from one side of a flat pole of strength m (Fig. 10). As- 
sume that the lines of force are perpendicular to the surface. Let 
B = flux density at any distance. Then the flux coming from 

Arm 


one of the surfaces of the magnet is ¢ = on = 21m. 


; 2rm 2 
If the area of the pole face is S, then B = as »and H = Sa 


1 For a more complete discussion of Gauss’s theorem see “Advanced Course 
in Electrical Engineering.” 
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Magnets as Commonly Used in Meters.—To find the magnetic 
intensity between poles (Fig. 11). Let S be the area of a pole 
face and d the distance between poles. 

The density in the gap between the two pole faces is due to the 

aq magnetic north pole, NV, as well as to the south 

yy pole, S. 

7, Yl ie If the lines of force flow outward from the 

= north pole, they flow inward from the south 

pole. Thus a simple examination will show 

y that the fluxes add in the gap and cancel each 
other in the outside region. 

The total flux from N is 4rm and one-half of 
this flux is assumed to be in the gap, the other half extending 
outward. 

The density in the gap due to N will then be 


Ivey, Ul, 


Arm 20m 
La ORE See. 
Similarly, due to S, 
Ries Arm _ 20m 
5 POs ae 
4am 
and ice Le pus 
lM Su 


In all practical problems where magnets act in air only, uy is, 
of course, unity. 

Consider, now, the pull between the faces of a magnet as shown 
in Fig. 11. 

The flux density at the south pole due to the flux from the north 


ae. 2rm si, 20m 4 
pole is: B, = acne ae dss ma: = force on unit pole at the sur- 


face of the south pole. 


Since the south pole has a strength m, the force on it is 

therefore 
Fi= m= aS ‘ (10) 

Usually the density, B, in the gap is known. 

Substituting the value of m from (9) into (10) gives 
2x BSS BS 
mS 42%? Sir 
B? 
Sum 


or the force in dynes per sq. em. is F, 
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In air, where » = 1, 


B2 
Fo = Bn dynes per sq. cm. (11) 
In |b. per sq. in., the formula becomes 
Pp Be 5 
° = 79 734,000 Ib. per sq. in. 


It is seen that if the pole strength, m, remains the same while the 
faces of the magnet approach each other, the density, and thus 
the force, is constant. 
The work done is then Fd, where d is the distance between the 
B’Sd 
Sr 
Energy Density in a Field.—The volume of space through 
which the body is moved is Sd. The energy density, or joules 
per cu. cm. of space between poles, is then: 
B?Sd 1 B? Be 
Sr as Sdet Snore 8x X 107 


poles, or W = 


joules, 


The conception of energy density is merely mentioned at this 
point. Similarity of magnetic and electric fields will be shown 
later on together with the development of theory and problems 
in electro-statics. 

Limits of Pole Intensity.—In practice it is found that the limits 


to which pole intensity a can be pushed are as given in the fol- 
A 
lowing table: 


m 
TasBLe IJ.—AprroximaTEe LIMITING VALUES OF so 


For wrought iron magnets, 1600 units of pole strength per cm.? 
For soft steel magnets, 1600 units of pole strength per cm.? 
For cobalt magnets, 1300 units of pole strength per cm.? 
For nickel magnets, 500 units of pole strength per cm.? 


For permanent steel magnets, 800 units of pole strength per cm.’ 


The Magnetic Cycle.—According to the molecular theory of 
magnetism, magnetic bodies are composed of minute magnets 
which attract and repel each other, and which are partly free 
to turn under the influence of magnetizing forces. When strongly 
magnetized, these molecular magnets are pointed in the direction 
of the magnetic force. When the force is removed, they still 
tend to point in the same direction, and thus the body exhibits 


magnetization, which is called residual magnetism. 
2 
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The magnetic state of a body is shown with reference to the 
‘magnetizing force’? by a curve called the hysteresis loop (Fig. 
12). 

Magnetization of an iron bar is ordinarily accomplished by 
sending current through a number of turns of wire wound around 
the bar. The magnetization is thus produced by the ampere- 
turns (A.7’.).. The number of lines of flux set up per unit area 


enclosed by the turns will with a long bar be shown to be 


Ofte = B, where yu is the permeability of the bar and I is 


its length. Since in air » = 1 and H = B, it follows that the 
intensity of the magnetic field in a solenoid is: 


e 0.47A.T. 
rr rarey) 


The hysteresis loop is drawn with flux density, B (in lines per 
square centimeter or per square inch), as ordinates and the mag- 
netic field intensity, H (or frequently, for convenience, ampere- 


turns per inch length of magnetic circuit ie as abscissze. 


H 
’ 0.4 

The construction of the loop is as follows: Imagine a bar of 
iron wound with many turns of insulated wire. If the iron has 

» no residual magnetism at the beginning, be- 
’ fore current is sent through the wire, there 
will be no magnetizing force and no flux, and 
consequently the first or starting point on the 
curve will be at a (Fig. 12). As more and 
more current is sent through the wire, that 
is, as the magnetizing force is increased pro- 
portionally to the current, the flux or induc- 
tion density, B, is increased, not according 
to a simple law, but in such a way as to give 
the characteristic curve (1) from a to b. 

If the magnetomotive force (m.m.f.) expressed in ampere- 
turns is now decreased, the curve (1) is not retraced, but B 
follows curve (2) from b toc. At c, H = 0, while B continues 
to have a value represented by the line ac. This value of B 
corresponds to the residual magnetism of the iron. 

If, now, the current be reversed, so that H is given negative 
values, B continues to decrease from c to d. At the point d, 
B = 0, while H has the negative value ad. This value of H is 


Fig. 12. 
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called the “coercive force” of the magnet. It is the magnetizing 
force necessary to reduce the remanent magnetism, ac, to zero. 
As H is further increased, negatively, B follows the curve de. 
At e, which corresponds to b with positive H, the current is again 
reduced, and B follows curve (8) to f, which gives the value, af, 
of negative remanent magnetism corresponding to ac for H = 0. 

Thus, the point a is not reached again, but as H is now given 
increasing positive values, the curve goes through g to b, complet- 
ing the loop. 

In obtaining a single loop, the points do not usually come into 
such close agreement, due primarily to the fact that there is 
always some remanent magnetism at starting, which prevents 
the curve from beginning exactly at a. But in the case of many 
uniform reversals of H, as occurs in electrical machinery, the 
loop is retraced uniformly so long as the limiting values of H re- 
main constant. 

It will be later shown, in connection with the study of hysteresis 
losses, that the area enclosed by the loop is proportional to the 
work done on the magnet per cycle. 


Permeability.—The ratio 2 is called the permeability, and is 


a measure of ease with which lines of flux are set up in a given 
material. Permeability is denoted by the symbol wp. Numer- 
ically, B = H in air (or vacuum) since » = 1. In the magnetic 
metals, particularly iron, steel, nickel and cobalt, » undergoes 
wide variation in value, with different values of H. 


For a more complete discussion of the subject of magnetism the student is 
referred particularly to Ewrne’s ‘Magnetic Induction in Iron and Other 
Metals.” 


CHAPTER IV 
PRINCIPLE OF THE ELECTRIC MOTOR 


A wire carrying a current was discovered by OERSTED to be 
surrounded by a magnetic field, which is strongest near the wire. 
A small needle, placed in the field (Fig. 13), is directed along the 
lines of force, but there is practically no tendency for it to move 
toward the wire as the forces of attraction exerted on its poles 

are equal and opposite. A long needle, 
however, tends to move toward the wire 
as there is a component of force on each 
pole in the direction of the wire. 

A wire carrying current, placed in a 
field perpendicular to the lines of force 
(Fig. 14), causes the flux to be distorted, 
and this tends to force the wire in such 
a direction that the lines shall again 
take up their normal position. This is 
the principle of the electric motor. 
The electric motor consists (Fig. 15) of a number of wires 
wound on a drum, and so placed in a magnetic field that the 
current is caused to flow downward (toward the plane of the 
paper) on, say, all the wires adjacent to the north pole,! and up- 
ward on all the wires adjacent to the south pole. The wires on 


aa, ® 


HiGaelo: 


ies, Ase 


the left, then, tend to move downward, and those on the right 
upward, and thus rotation is produced. 


1 ] . . 
In the diagram a cross, ®, is used to represent down-flowing current and 
a dot, ©, up-flowing current in accordance with notation in common use. 
20 
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The current which, when flowing in a wire 1 cm. long placed 
at right angles to a field having a density of 1 line per sq. cm., 
gives a force of 1 dyne is called the abampere. 

The force, in dynes, is then 


F=IB 


where J is the current in abamperes, / the length of wire in centi- 
meters, and B the flux density of the field in lines per square centi- 
meter. The force is due to the interaction 
of flux and current. 

If, however, the lines are not at right 
angles to the wire, B must be replaced by 
its component which is at right angles to 
the wire. If the angle is a (Fig. 16), then 
the force is F = JIB sin a, where B sin a is the component of flux 
at right angles to the wire. 


Fic. 16. 


Problem 15.—A copper wire carrying 10 amp. is placed in a magnetic field 
of 10,000 lines per sq. em. 

What is the force in pounds on each centimeter of the wire (a) if it lies 
perpendicular to the direction of the magnetic field, (b) if it lies parallel to 
the field, (c) if it makes an angle, a, with the direction of the field? 


Solution.— F = TIIBsin a 
F, per cm. = JB sin a. 
(a) Sin @ = sin 90° = 1 
I = 10 amp. = lab amp. 
B = 10,000 
.. F, per cm. = 10,000 dynes. 
10,000 dynes = a 10.2 grams 
981 
10.2 
aR oe 0.02245 lb. 
(b) Sin a = sin 0° = 0 


.. F, per cm. = 0. 


(c) For any angle, a, 
F, per cm. = 10,000 sin a dynes 
= 0.02245 sin a lb. 


Determinations of Magnetic Intensity.— 
Magnetic intensity at the center of a coil 
(annulus). Let a magnet pole, m, be placed 
at the center of a coil (Fig. 17). It will 
send out lines in all directions, some of 
which will strike an element of the coil, dl, 
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at right angles. Thus a force, dF, will be generated in the direc- 
tion of the axis, as indicated, and its value will be 


dF = IBdl = 17, dl 


since m. 


The total force on the coil will be 


2arr 
pa{rha ey QrrIm ph 2rIm 


pe r 
0 


This will be the force, due to m, with which the coil will tend to 
move along its own axis. It is obviously also the force on m due 
to the coil. Thus if a unit pole (m = 1) replaces the pole of 
strength m the magnetic field intensity at the center of the coil 
is found. It is: 


Magnetic Intensity at Any Point along 
the Axis of a Coil.—The force dF will act 
at right angles to the line joining m and 
dl (Fig. 18). Thus, 


dhe Bel Ia 


‘ : r 
dF has components, dF cos a and dF sin a where sin a = — 
a 


and 

ae: 

~ sina 
The component of force which tends to move the coil in the 
direction of its axis is dF sin a. Call this component dF}. 


Then 


dF, =I _ sin? adl 
and 
Qer aR 
ned (aoe sth Gy ee re 
(yh ip 


For Niele hes 
aa 
re ces a 
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since the component dF cos @ is balanced around the coil and 
thus exerts no force. 

Magnetic Intensity in the Center of a Long Coil.—The force 
at m, due to an element of the coil, dx (Fig. 19), is dF = 
2rml sin’ a | 

r 
ment dz. 


, where J is the current in abamperes, in the ele- 


Fia. 19. 


If the current per centimeter length of the coil is J,, then 
4 ins 
I =I.dz, and dF = 2rml dx sin’ a 


: ate 1 
Baie -= cot on Differentiating, dx = r(— <5) da 
r sin? a 


Substituting this value of dz in the formula, 
\ 2am er aus a 
r sin? a 


= — 2rmI, sin ada. 
°, bf S [dent sin ada = 4rI.m cos ay. 
or H = 4rl, cos ay. 
For very long coils, cos a; = 1, and 
fal = Abell. 


The relation between H and the ampere-turns of a coil may be 
found as follows: 

Let there be a current of J abamp. in the coil, and let n = 
number of turns. Then nJZ = abamp.-turns. Abamp.-turns 


per cm. = a = I,, where | = length of coil in centimeters. 
1 
Then H = 47!, = es When the current is in amperes, 


l 
4anl 
1 Notr.—It should be noted that the above value of H = i holds only 


for infinitely long solenoids since it was derived on that assumption. For 
practical purposes, according to the accuracy required, this value of H may be 
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| 
H= an whence, amp.-turns = 0.8H1. 
If lis in inches, amp.-turns = 0.313H1. 
When the coil has an air core, H is numerically equal to B, and 


amp.-turns = 0.8Bl or = 0.31361." 


(12) 


Fia. 20. nies, Prk 


Application of Magnetic Formule to Instruments.—Let a rec- 
tangular coil of height, a, and width, b, be suspended in a magnetic 
field of uniform density, B (Fig. 20). The two sides, a, are per- 
pendicular to the flux, and therefore, with a current of J abamp., 
there will be a force on each wire of F, = JBl = [Ba dynes. 


This force will produce a torque around the axis, on each wire, of 
T, = IBas dyne-cm. The total torque per turn = 27, = IBab, 


and if there are n turns, 7’ = InBab, dyne-cm. 


used whenever it is desired to find the magnetic field intensity along the axis 
of a solenoid, and not very near the ends, provided the length of the coil is 
about 50 times its diameter. 

It is necessary to observe this (always depending on the accuracy desired) 
on account of the disturbing effects of the ends, as can be easily seen by 
comparing the figures. (Fig. 22.) 

1 Nore.—It can be proven that the density in the middle of such long coil 


is uniform, thus if A is the area inside of the solenoid the total flux is AB, 
area 


length’ 

Formule (12) give evidently the relation between M.M.F. (ampere-turns) 
required, density and gap length in the part of any magnetic circuit which 
is air when the density is uniform over the entire gap length. 


or g = 0.4rnI 
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In practical instruments, 7 should be about 1 gram-cm. 

Let a circular coil of radius 7, as in Fig. 21, be suspended in the 
field. 'To find the torque on any element dl. The useful part 
of dl is its component perpendicular to the lines of flux, = dl sin @. 
Then, dF = InB sin 6dl. This force acts with a lever arm = r 


sin 6, and the torque is therefore dT = InBsin@ Xrsin6dl. But 
2r 


dl = rdé. Hence dT = InBr? sin? 6d0, and T = {pe sin? 
0 


6d@ = InBr| 5 — oan 20 |" 
2 4 0 
= InBr’x = InBA, where A = area of the loop. 
In practice, permanent magnets are generally used to produce 
the flux. 


CHAPTER V 
DESIGN OF A LIFTING MAGNET 


It has been shown that for a path of magnetic lines in air, 
the following relation obtains: amp.-turns = 0.313 BI”, if inch 
measurements are used. Jor an iron path, the necessary ampere- 
turns are obtained from a curve of B vs. AT, where B is the 
flux density. Such a curve called either magnetization or “ satu- 
ration ’’ curve, is obtained experimentally from a sample of any 
desired magnetic material. The curve thus obtained will be 
approximately correct for that material, but variations are always 


3 
to 
Ss 


ry 


Flux Density, Kilolines per Sq. In. 


0 20 40 60 80 100 120 140 160 180 
Ampere-Turns per Inch 
Fig. 23. 


liable to occur due to either physical or chemical influences by 
which any portion of the material is made to differ from the 
sample used to derive the curve. 

By testing many samples a typical curve is obtained for 
any given material. In Fig. 23 is given a set of these satura- 
tion curves of iron and steel as commonly employed in electrical 
machinery. 
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Let it now be required to make the calculations for the design 
of a cast-iron electromagnet to lift a weight of 1000 lb. through a 
gap of 1.5 in. Let it be assumed 
that the magnet core is of the 
shape and dimensions given in 
Fig. 24. Then the area of a pole 
facesis 10/3x¢o =650 sq. in.) “The, te 
two pole faces have an area of 7 
2 X 50 = 100 sq. in. Then the 


weight to be lifted per square inch ose bs 
of area is Fie, 24. 
é 1000 
Wt. per sq. in. = a 10 lb. = F, 


But, from (11), = 72,134,000 

.. B, the flux density in air, = V 721,340,000 = 26,800 lines 
per sq. in. From (12), the amp.-turns required for each gap = 
Osie Hlins = 0313 x 26,800 <X 1.5 = 12,600. 

AT required for two: gaps = 2 X 12,600 = 25,200. 

AT required for the iron, from the magnetization curve for 
cast iron = 32 per in. length of the flux path in the iron. 

Length of mean path in the iron = 70 in. 

.. Total AT required for the iron = 70 X 32 = 2240, and total 
AT for both air and iron = 25,200 + 2240 = 27,440. 

It is now necessary to arrange the winding so that the heat 
developed by the current in the coil shall not cause an excessive 
temperature in the coil. 

Assuming a permissible power loss of 0.4 watt per sq. in. of 
exposed coil surface, an estimate can 
be made of the proper amount of 
space to be occupied by the coil. 
Assuming, as a guess, a depth of wind- 
ing of 3 in. and a coil length of 20 in. 
(Fig. 25), the exposed surface of the 
coil is 1270 sq. in. The total watts developed should then be 
0.4 X 1270 = 508. Assuming, further, that the magnet is to be 
designed for operation on a 100-volt circuit, the current is 
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The number of turns = ae = 5400, and the resistance of 


Ene COU 75 (508) 


The mean length of one turn may be estimated to be 42 in. 
42 


Then, total length of wire = 5400 on 18,900 ft. 
Res. per 1000 ft. = a = 1.04 ohms. 


From tables, the nearest size wire is No. 10. Diameter of 
No. 10, with double cotton covering, is 0.112 in. It must then 
be found out if there will be room enough for the turns in the 
space allowed. 


Problem 16.—Assume cast iron to cost 11c. per lb. and copper 16c. per 
lb. Find the least cost of a magnet, of any desired shape, to lift 1000 lb 


with a gap of 1.5 in. 
Use 0.4 watt per sq. in. of coil surface as permissible power loss. 


CHAPTER VI 


GENERATION OF ELECTROMOTIVE FORCE IN A 
DYNAMO 


Farapay found in 1831 that the electromotive force produced 
in a circuit was proportional to the rate of change of the lines 
do. 
dt 
This discovery was really the foundation upon which electrical 
engineering was built. 

The truth of the relation may be seen by considering a rec- 
tangular loop of wire carrying current J 
moved a short distance dz in time dt, the 
motion being at right angles to the direction 
of the lines of force (Fig. 26). 

The force on 1 cm. of wire, A, which is in 
the field is F = JB, Thus the mechanical 
work done in moving the loop from AB to ih 
AB is Pde = bd, Fic. 26. 

As has been shown, the electrical work is 
eldt and the mechanical and electrical work must be equal and 
opposite. 


of force enclosed in the circuit. That is, he found that e = k& 


dx 


bos = —eldi or e-= —-B di But Bdz is the change of 
flux d¢ enclosed in the loop. Thus 
eee? 
i dt 


Consider now that the loop revolves in a uniform magnetic 
field. When the loop encloses the entire field it may be said 
to be in the zero position. Let it be assumed that in zero posi- 
tion it encloses 100 lines. In position 1, displaced 10°, it will 
then enclose 98.5 lines. The loss of 1.5 lines from the loop has 
resulted in a generated e.m.f. or, in general, 


do p2 — O1 — Ade. 


rai ip ete po) SAL 
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If the coil rotates at the rate of 1 r.p.s., the time required for it 


to move 10° is ee of 1 sec. = 0.0277 sec. = Af. 
360 
Then 
PPT Ot Ian 1.5 
O:0277 sO 02. 


This procedure may be followed and a tabulation made for 
every 10°, so as to obtain data from which to plot, point by point, 
an e.m.f, wave, thus: 


e= = 54ab volts. 


Angular position of coil o° 10¢ 20° 30°, etc. 

Hux enclosed soe s ace ante iayet ere re 100; 98.5 94.0 86.6 
Chanre lof tux desi (ane reer eee te .../ -1.5 | —4.5 | —7.4 
= _=¢ ER te AEA Pere MRR ae eta Be Ste o4 On Lose Onecadeu 


Plottedeat angle aaa ee tens eee ele erates se om Vom Pals 


Values of e.m.f. are plotted at angles given in the last line, that 
is, at the mid-angular divisions, since they represent average 
values of e over each 10° of displacement of the loop. 


Problem 17.—Assuming the field to be uniform, carry out the procedure 
as just indicated for a complete rotation of the loop, and show by plotting 
volts against angular displacement that the curve is a sine wave. 


E.m.f. Waves in Fields that are not Uniform.—Consider a 
field between rounded poles of radius r, 
distant 2r, in which a coil, of width 2r, 
revolves (Fig. 27). 

The field will be most dense in the 
middle. The density will be assumed to 
be inversely proportional to the distance 
between poles. To find the density along 
any lineab. The length, ab = 4r — 2rsin@, 


Then 
k 
e ~ Ar — 2r sin @ 
where k is some constant—7.e., proportionality factor, 
This equation holds only for @ from 0 to x, in a revolution, 


: k 
If 6 ta k i = —_____- 
is taken from 7 to 27, B ra PAY: 
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When the coil moves a distance ds, there is a change dq, in 
the amount of flux enclosed by the coil, per unit length of the 
coil parallel to the shaft. dé is propor- 
tional to the component of ds at right 
angles to the direction of the flux, or to dz 
(Fig. 28). 

Thus, dé = 2Bdz is the change in flux per 
centimeter length of coil, due to both con- 


ductors. Then dd = — 2Brdé@ sin 86, since 
ds = rdé, and dx = — ds sin 0. ee 
Substituting, ere 
Aiete kr sin 6d0 AR, k sin 6d0__ 
Ar — 2r sin 6 4 — 2 sin 6 
Then, 


dd i = sin 6d0 ) _ ksin@g dé 
i 4—2sin6/ 2—sin9 dt 
Sin 6 may be written sin 27nt, where @ is expressed in radians 


; dé : 
and 2rn denotes angular velocity. Then — = 2rn, and n is 


dt 
in revolutions per second, or is frequency in a two-pole machine. 


For machines of any number of poles a = 2xf where f = 


frequency. 
k sin 6 
~esri He 
Let 
€maz = 100 volts. This occurs when 6 = a 
Then ; 
k2x 
Cray = 00'= ya 2rfk, 
and 
Emax 
ae Qxrf 


Substituting this value of k, 


Cmax ., 2mf SIND maz SIN O 
" Inf “~2—sind 2-—sin 6 


é 
Problem 18.—Calculate and plot the e.m.f. for the above condition, for 
one-half wave. - 


E.m.f. Wave when the Coil is Wound on an Iron Core.—In 
all these cases it is sufficiently correct to consider only the lengths 
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of the flux path in the air. By following the general procedure of 
the preceding paragraph, the e.m.f. of a coil on the iron core is 


found to be 
(m — 1) sin 0 ‘eG 
€ = €maz Se ee 
mu — sin 0 
where 
eer 


D 
i = = OID) = Wir 
Dir 


iG 29: 


Problem 19.—Calculate and plot for one-half wave, the e.m.f. for this 
case, when @€mazr = 100 and m = 1.1. (Fig. 29.) 


Additional Problems for the Determination of E.m.f. Waves.— 
It is very good experience for the student to work out and plot 
a number of these waves. For this purpose a few additional 
problems are suggested. 


Problem 20.—Determine the e.m.f. of a coil wound on a wooden drum 
when B,az = 100 lines per sq. cm., speed = 1 r.p.s. and the dimensions of 
the dynamo are as given in Fig. 30. Dimensions are given in centimeters. 
Plot the wave, point by point, for each millimeter of distance across the pole 


face. 
a | 
an 3 


Imgex. B10) Fie. 31: 


Problem 21.—On an iron armature between rectangular poles as in Fig. 31, 
let two coils, at right angles to each other (that is, in space quadrature), be 
joined in series, so that their e.m.f. waves add. Plot the resultant e.m.f. per 
centimeter length of the armature. Show that the resultant e.m.f. due to 
the two coils is less than their sum. 

Problem 22.—Same as last, but for three coils spaced 120° apart. 

Problem 23.—Continue the development of the method of the last two 
problems and finally obtain the average value of the e.m.f. of an armature 
whose conductors are spaced uniformly around the periphery. 


CHAPTER VII 


INDUCTANCE 
Inductance.—When a circuit connected to a source of e.m.f., e, 
is closed through a switch, S (Fig. 32), a current is established 
in the coil, and sets up a magnetic flux gat 
which links with the turns of the coil. nS \ 
This flux produces a back, or counter \ 
Oiaeeae | j 
e.m.f, in each turn, e = — a? or the 4 y 
N turns,e =— N ae. Expressed in volts Fie. 32. 
this is 
N d¢ 
Dia mel Cees (13) 
Inductance is defined as the number of interlinkages of flux with 
turns, per unit current, or, in symbols, 
ae 
eT 
Expressed in practical units it is: 


No 
Lies ix 108 henrys 
where 2 is the current in amperes. 


the inductance. 


Tabulating from Eq. (14): 


This 
33 


1 2 4 10 
Gamnent 1000 2000 4000 10000 
IN irtercenaitiay es 200 200 200 200 
INR oes ches Oe OFZ al0 0.4 X 105 0.8 X 105 2 X 10° 
Ae Pee. 0.2 < 10° O04 < TOE (74 Se SOY O.% S< Woe 
4 
JG ane Nes 0.002 0.002 0.002 0.002 
1Students almost invariably have difficulties with inductance. 
problem is given solely for the purpose of impressing upon them the fact that 
inductance is a “‘constant” of the circuit. 
3 


(14) 
Problem 24.—Let a coil of 200 turns be supplied with various amounts of 
current, and let the flux produced, when 1 amp. flows, be 1000 lines. 


Find 
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From the values of L, thus obtained, it is seen that L is a 
constant, and is independent of the current; it is a “circuit con- 
stant’”’ similar to resistance in a coil having a non-magnetic core. 

Transposing Eq. (14), 


. N¢@ 
eit 
Differentiating with respect to time, 
di _ Nag, 
diaieLU sat 
Substituting into (13), 
i aay pee 
é dt. 


which is the common expression for induced electromotive force, 
or counter e.m.f. of self-induction.! 

4 In Fig. 33 is represented a circuit of 
| resistance, 7, and inductance, L, which is 
| connected to a source of e.m.f., e. When 

++ the switch, S, is closed, the e.m.f. has 
to overcome the resistance, 7, and also 
the counter e.m.f. of self-induction due to the setting up of flux 
in the coil. Therefore we may write: 


s 
lene, Sst. 


a te wt Bla (15) 


This equation is fundamental, and is general for circuits 
possessing only resistance and inductance of constant value. 

An algebraic relation between the impressed e.m.f. and the 
current—assuming in this case that the e,m.f, is kept constant 
—is found as follows: 


dt 
L dt =e wr 
agate at 
Ca eT 


fa- [2% 
e— 


1In an ironclad magnetic circuit the inductance is not a constant. It 
depends upon the permeability. 


The flux is not proportional to the current producing it but is a complicated 


; : NE di, .dL 
function thereof. In that case 108 dt 7 dé (CLR) 48, tk Sor 
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i — “log (¢ — ir) +, 


whence 
; t 
log (e — ir) = ~F+C,, 
and 
rt rt 
Be yee as G,e0 LE 
as att 
i= [le — Cre L | (16) 


Cz is determined from the nature of the problem. 
The rate of energy supply or power equation corresponding 


to (15) is obviously 
di 
oe dt 
ae =r + Li di 


and the energy supplied by the generator is 


T 
f ex 


The energy dissipated in heat is 


. 
{ rdt 


and the energy supplied and thus stored in the magnetic field is 


Ly di gf 
friSae= (Lia EAE 


where J is the value of the current at time 7’. 

Starting and Stopping Current in an Inductive Circuit—Re- 
ferring to equation (16) it is evident that for ¢ = O,7 = O when 
starting the current andi = J for ¢ = O in stopping the current, 
since energy cannot be altered in an infinitely short time and 
therefore current cannot be established or changed in an infinitely 
short time. 

Thus when considering the starting of a current we have for 
t= 0,1 =0. 

Substituting these values in (16) 
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whence, 


Gos. e} 


io -|¢— eee] elect (17) 


This equation gives the value of the current at any instant after 
the closing of the switch, S. 
If the impressed e.m.f., e, is sud- 


and 


‘Taper denly short-circuited by the closing of 

a kona , the switch, S’ (Fig. 34), then e = 0, 

4 ) and, at the instant of closing, ¢ = O, 
Fia. 34. i=, 


where J is the current in the circuit 
just before closing the switch. 
Substituting these values into (16) 


I= 410 - Cs 


whence, 
Co = — A 
‘and 


1 ak per 
j= —[ Ire |= dent (18) 
This equation gives the current at any instant, ¢, as it is dying 
away in the circuit after the e.m.f. has been suddenly removed. 
The inductance of coils 
varies with the size, shape 
and number of turns. If a 
given length of wire of defi- 
nite size is to be made into a 
coil, maximum inductance Pia! (35. 
will very nearly be obtained 
if the coil has the proportions given in Fig. 35.! The value of 
the inductance, in this case, will be: 


0G Cun ae 


where the length of the coil is given in centimeters, and c is in 
centimeters, | 


‘Brooks and Turner, “Inductance of Coils,’ Bulletin No. 53, Univ. of 
Illinois Engineering Experiment Station. 
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Problem 25.—Find and plot current vs. time when the circuit is closed on 
a coil of 1 km. of No. 15 B. and §. wire (diam., d.c.c., = 0.066 in.; 7/1000’ = 
3.17%), designed for maximum inductance. e = 100 volts. 

Problem 26.—Find and plot the curve of dying away of the current when 
the coil of problem 25 is short-circuited. 

Problem 27.—Find the average value of the inductance of the lifting 
magnet previously designed (Chap. V), and determine how long it will 
take for the current to rise to 90 per cent. of its permanent value. 


CHAPTER VIII 


ALTERNATING CURRENTS 


It has been shown that the fundamental equation in an induc- 
tive circuit where the resistance and inductance are constants and 
not depending upon the current is: . 

: di 
e=n+L qt 

This equation gives the relation between the particular values 
of e.m.f, and current at any instant. 

In the case previously discussed it was assumed that the im- 
pressed e.m.f., e, was constant. 

In most engineering problems the e.m.f. is, however, not con- 

stant but it varies from instant to 


instant. Almost all electrical instal- 
lations now use alternating current 
rather than direct current. In this 
ey case it will be seen that the e.m.f. 


and current can almost always be as- 
Fig. 36. : : 
sumed to vary according to a simple 
sine law. 

In other words it can be assumed that the instantaneous value 
of the current at any time, t, can be found from equation 7 = I, 
sin wt (Fig. 36), where w = 27f = angular velocity, and f = 
frequency of alternation of the current = number of cycles, or 
complete reversals, per second. J,, = maximum value of cur- 


rent. For 60 cycles, wo = 2760 = 377. 


ee ed, SiN OC Ce, 
Differentiating: 7 = 7, sin wt 
we get 
di 
ihe T,,© COs wt. 
Substituting in (15), 


e=rI,, sin wo + LI, cos wt 


I, (r sin wt + Lw cos wt) (19) 
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Thus e is the sum of two component waves, one depending on 
the sine of wt, and the other on the cosine. 


Problem 28.—Let Im = 1, r=0.5,Lwa =0.4. Find and plot the com- 
ponent waves of e.m.f. 


wot Gio Se Cons. Nee orto eC ane OF S05 GOss 90F1202 150° | 180° 

SINU Coben nesey eiegacn ches 1th 0.0/0.5 0.866/1.0), 0.866) 0.5 0.0 

Igrsin et =ir............:/0.0/0.25 | 0.433/0.5| 0.433) 0.25 0.0 

(COSesth no GA dhcuo WrceeeavaraEe eae ee 1.0/0.866) 0.5 |0.0)—0.5 |—0.866 |—1.0 
di 

EXON Ay us teeaaneaen 0.400.346; 0.2 |0.0;-0.2 |—0.346 |—0.4 

Gis Goto eutafiga Altecap eee a RO ae Rae 0.4/0.596| 0.633/0.5) 0.233)—0.096 |—0.4 


These waves are shown plotted and combined in Fig. 37. 


Problem 29.—A similar set of waves should be obtained by each student 
from values of Im, 7, Lw, assigned at random. 


By inspecting these waves it is seen that 7 lags behind e, that 


We, Bo 


is, it passes through zero later than e by about 40°. This il- 
lustrates one of the characteristic features of inductive circuits. 
It. should also be noted that zr is in time phase with z, and that 
iLw is in time quadrature with 7, being 90° in phase ahead of 7. 

The quantity Lw is called reactance. It is measured in ohms, 
and denoted by the letter X. Thus Lw = X, where L is the in- 
ductance in henrys, w = 2zf is the angular velocity in radians per 
second, and X is the reactance in ohms. X is not, like L, a 
property of a coil or circuit, but depends on the frequency. 

The average value of the e.m.f. generated in a coil of a dynamo, 
depends only on the speed of rotation and the number of lines of 
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flux cut; that is, it depends on the average rate of cutting of the 
lines of flux, by the conductors, and not on the distribution of 
the lines under the poles. The effective value of e.m.f. does, how- 
ever, depend on the distribution of the flux. 

Frequency has been defined as number of cycles per second. 
A two-pole generator, at 1 r.p.s. has the frequency, f = 1. 

A four-pole generator, at 1 r.p.s., has f = 2. 


A p-pole generator, at N,r.p.s., has f = EN. 


The coil, in position 1 (Fig. 38a), contains the whole flux. 
The coil, in position 2, contains no flux. Thus, a change of 
the whole flux takes place in a quar- 
ter of a revolution. 


N N 

2 rae, If 7 is the time of 1 cycle, the 
E> s| Nel; whole flux is therefore cut in the 

Ss ENN 


PE 


time —- 


4 
Two Pole Machine Four Pole Machine The average rate of cutting is then 
(a) b) @ 4® : 
Fig. 38. Te vil where ® is the total flux. 
4 
. AN® : 
Therefore, the average e.m.f. is Py ike. where WN is the number of 


turns, and 2N is the number of conductors per circuit. 
At 60 cycles, 


1 
Ts 60. 
In general, 
1 
Tmt as 
A} 


.. Average e.m.f. = 4N@f = 4N4f X 10-8 volts. 
In a four-pole machine (Fig. 38) all flux is cut in lg 


; ae 8 
revolution. The average rate of cutting is therefore 7p where 
1 


T, is the time of a revolution. 


8® 16 
Average rate = ate a 8éN, = z2 = 4f where N, is the 
1 
number of revolutions per second, and f = as 


With N turns, average rate = 4fN® = average e.m.f. 


= 4fN® X 10-8 volts (20) 
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This equation is identical with that for a 2 pole machine. It 
applies regardless of the number of poles as long as N is the 
number of turns in series per circuit. 

Average Value of a Sine Wave.—The e.m.f. induced by rota- 
tion of the armature conductors in the field is 


Let ¢ = &,, cos wt, be the flux enclosed at any instant. Then, 
d , : 
a = — w®,, sin wf is the rate of change of the flux, and e = 
@,,.Nw sin ot. 
In practical units, 
— N@®nw sin wt 


CS Than volts. 


Since w = 2zf this may be written, 


_ 2nfN®,, sin wt 
7 108 


For maximum e.m.f., 
2nfN®», 


ce TOE is volts (21) 


Simete= land ns — 


To obtain the average value of e.m.f., integrate a half-wave 
and divide by 7, that is, by the length of a half-wave. 
Thus, 


= Valen 
Cao. = =f E,, sin 6d0 = | == 60S | = —— = .636 En. 
0 


T a 0 Tv 


2 er, 2 
.. The average value = mS E,,. Multiplying (21) by o> 


2 2rfN Pm AFIN®m 
tg 


Mis, OS =X 108 = 108 


? 


which agrees with the average value previously found (20). 
Effective Value of a Sine Wave.—Let 7 = I,, sin 0. 
If this current flows through a resistance 7, it has been seen 
that the heat developed at any instant is 7?r. 
Thus, the heat developed per cycle may be expressed as, 


2a 
rf T°, sin? 6dé. 
0 


By trigonometry, 
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Substituting, 


2a ‘20 he) 
rI? ls ad -{ cose | rien 
0 


The average value of energy flow or the rate at which energy 
is being dissipated, or the power, is 


2 2 
rl mo TL in 


OT Deen 


ay ee 
Thus, the rate of heat dissipation 1s oe 


The effective value of the current corresponds to a constant 
or direct current which would give the same heat in the same 
time if flowing through the same resistance. 


Vise ibs 


: df 
PeggT = 9-3 Vers. = yy and tess, = pie O70Z1= 


Similarly, the effective value of e.m.f. is obtained, and ées;. = 
0.707 E,,, where H,, is the maximum value of the sine wave of 


electromotive force. 
effective value . 


The ratio ——————— is called the form 
| N | average value 


factor. 
0.707 


le he With sine waves form factor (ff) = 08367 
PR sak 
~- The equation for the effective value of the 


a | e. ue is obtained from (21) by multiplication 
Fia. 39. be 


2n fN ®,, pe AAAfN On, 
UlrN/2 1 08eee pean LO! 


This applies to a concentrated coil of N turns. 

If, however, the turns are distributed over the periphery, as 
in a direct-current armature, from Fig. 39 it is seen that coil 1 
contains all the flux, while coil 2 contains the flux x cos @. 
Therefore the effectiveness of coil 2 is N. cos 6, where N, = 
number of turns of the coil. 

Let N = total number of turns. Then the turns per cm. of 


Sree} volts (22) 


; N : 
armature periphery = np where r = radius of armature. 
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Then the effectiveness of the turns per cm. is ave cos 6. The 


2rr 
average effectiveness of the turns per cm. is 
1 N cos 0 ape ENG 
1, Qur wr 
: : N 2 
The total effectiveness is therefore 2r7r X aed = NN ; 


Therefore, in a distributed winding, the turns are not so 
effective as when they are concentrated, 
Thus, for distributed winding, 
44A44fNG@, 2 
J x 


102 ee) 


Ess. aa 


CHAPTER IX 
DIRECT-CURRENT GENERATORS 


Homopolar Generators.—These are also called by the names 
“acyclic” and “unipolar.’”’ They are a small class of machines, 
distinguished from the usual types of direct-current machinery 
in that the conductors always move through the magnetic field 
in a constant direction with respect to the 
direction of the lines of flux. 

Among the earliest of dynamos may be 
mentioned one of this type known as 
“Farapay’s Disc Dynamo,” in which a 
copper disc was rotated between the poles 
of a permanent magnet. 

Current was collected by means of two 
brushes making contact, respectively, with the rim and axle of 
the dise (Fig. 40). A more modern type of homopolar generator 
is shown diagrammatically in Fig. 41. For the permanent mag- 


hic. 41 


net is substituted a powerful electromagnet, and two sets of 
brushes are used instead of one. By connecting these brushes 
in series outside of the machine the total e.m.f. at the terminals 
is doubled. 

44 
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From the fundamental considerations developed in Chap. VI 
it is evident that the voltage between each set of brushes is 


N® 


alo: 


where N = revolutions per second and # = total flux, since 
there is only one conductor between the brushes. With any ar- 
rangement which permits the use of additional sets of brushes, 
as in Fig. 41, the voltage is increased in proportion to the number 
of sets of brushes connected in series, and becomes 


Firq. -42: 


where c is the number of conductors and is equal to the number 
of sets of brushes in series. Fig. 42 illustrates the use of bar 
conductors on the armature. Each conductor is connected to 
two slip rings on which brushes bear, There are thus twice as. 
many slip rings as conductors. Since the conductors are in- 
sulated, they may be put in series by properly connecting their 
brushes outside of the machine. 

Direct-current Machines with Commutators.—On most 
direct-current machines use is made of commutators, To 
understand these machines a knowledge of the principle of wind- 
ings on the armature is needed. In Fig. 43 a single coil is repre- 
sented in a magnetic field. The ends of the coil are connected 
to the segments of a two-part commutator. In the position 
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shown, the e.m.f, is maximum. As the coil moves in the field, 
the segments move under the brushes and the e.m.f. at the 
brushes, AB, during a half revolution, has the values of a half- 
sine wave. When this e.m.f, reaches zero, the segments pass 
from under the brushes. The same operation is then repeated 
and gives a succession of half waves, 
all in the same direction. If now 
another loop is placed on the armature 
at 90° to the first one, a new series of 
half waves will be added at 90° to the 
first series. By connecting these loops 
in series, suitably joining to commuta- 
tor segments and continuing to use 
only two brushes, the e.m.fs. of the 
loops are added together and produce 
a resultant e.m.f. shown in heavy dots by the wave ‘‘d”’ (Fig. 
44). This wave never reaches zero and is much more steady 
than that produced by a single coil. By continuing this process, 
all irregularities are virtually wiped out and there results a 
smooth wave of constant 
e.m.f. A simple example 
of armature winding with 
commutator and _ brushes 


Fic. 43. 


iA POSS 
Fia. 44. 


is shown in Fig. 45, for the purpose of illustrating the connec- 
tion of coils in series. 

Types of Direct-current Commutator Machines.—Direct- 
current machines are usually divided into groups according to 
the method of exciting the field magnets, as follows: 

1. Permanent Magnet Machines.—These have no field windings, 
but the field structure consists of hard-steel permanent magnets. 
They constitute a small group, used chiefly for telephone sig- 
nalling and gas engine ignition. 
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2. Separately Excited Machines—In these, the field winding 
is supplied with current from an external source. The chief 
advantage of this type is that it enables a steady field excitation 
to be maintained at all times regardless of the fluctuations in 
voltage at the brushes. 

3. Shunt Machines.—In this type the source of excitation of 
the field is derived from the terminals of the machine itself. 
The field circuit is connected in parallel with the external cir- 
cuit and the field current varies as the voltage of the machine 
changes. 

4. Series Machines.—The current in the armature is made to 
flow also through the field windings; that is, the field and armature 
coils are connected in series with the external circuit. Thus the 
field excitation is proportional to the load current. 


= 45 = oF 
1 Permanent Magnet 2Separate Excitation 3 Shunt 4 Series 5 Compound 
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5. Compound Machines.—These are excited partly by a shunt 
winding and partly by a series winding, each pole being provided 
with both a shunt and series coil. The total field excitation 
thus depends upon the voltage of the machine as well as on the 
load current. 

These five types are illustrated in Fig. 46. Other com- 
binations are sometimes used in special cases. The performance 
characteristics of these various types of generators differ greatly. 
In general, the characteristic of a generator is a curve showing 
the relation between terminal voltage and the load current, the 
latter being the independent variable. These curves and 
others of a similar nature should be thoroughly studied, especially 
in the laboratory. 

Armature Reaction.—When a generator is delivering no cur- 
rent the direction of the field flux is along the axis of the poles. 
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When current is flowing, however, the armature becomes an 
electromagnet on its own account, and the field flux becomes the 
resultant of that produced by the field windings and that due 
to the armature winding. 

Fig. 47a shows a bipolar dynamo with a ring armature. Arrows 
show the direction of current and also of flux. Starting from 
the negative brush, the current divides as it enters the armature, 
one half winding around to the left, the other half pursuing a 
similar path to the right, and both finally joining again to enter 
the positive brush. It is to be noted that the flux set up by 
these armature currents is, in general, in space quadrature to the 
flux due to the field winding. 


Fie. 47. 


Fig. 47b shows an equivalent diagram representing a drum 
armature. When once the principles of current action in the 
armature are understood, it is simpler to make use of the rep- 
resentation of Fig. 47b than of Fig. 47a. For clearness, the com- 
mutator is omitted in the case of the drum, the position of the 
brushes being indicated with reference to the armature itself. 
It makes no difference how the end connections are made, so 
far as the armature m.m.f. is concerned. In this case, since the 
brushes are not shifted but are placed on the so-called neutral 
axis midway between the poles, the armature magnetomotive 
force is directed vertically upward, while the field magnetomo- 
tive force is, as always, along the pole axis. The resultant 
magnetomotive force is the vector sum of these two. Since the 
armature m.m.f. acts at right angles to the field m.m.f., its effect 
is said to be wholly cross-magnetizing. 

When the brushes are shifted a° the armature m.m.., still 
acting along the brush axis, may be resolved into components. 
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F, = F4 cos a, the cross-magnetizing component, acting at 
right angles to the field, and Fp = F4 sin a, the demagnetizing 
component, acting directly in opposition to the field. The re- 
sultant m.m.f., OR, Fig. 48, is then due to the m.m.fs. of the 
field OF and the armature OA, the latter being composed of OC, 
cross-magnetizing, and OD, demagnetizing. 

Cross-magnetization is always present when the armature 
carries current. It distorts the field and displaces the neutral 
axis, necessitating thereby a shifting of the brushes. When the 
brushes are shifted, demagnetization also enters in, weakening 
directly the field strength. Under such conditions the resultant 
flux takes up a general direction as indicated by the shading in 
the air gap in the figure. The pole tips are unequally magnet- 
ized, the leading tips being weakened and the trailing tips 
strengthened. 


The actual direction of the resultant flux is not along OR but 
along OR’, a line of somewhat less deviation from OF. This is 
because of the unequal reluctances of the paths along the direc- 
tions of the component m.m.fs. 

Consider, for example, a generator whose flux per pole enter- 
ing the armature is ¢,, under conditions of normal operation, 
that is, voltage and speed. 

To generate this flux at no load would require F, amp.-turns 
on the field core if all the flux generated in the field passed through 
_the armature. Some flux, however, passes around the armature 
without cutting its conductors. This is called leakage flux, 
and amounts to 15 or 20 per cent. of the net flux, in ordinary 
machines. ‘To provide this leakage flux as well as the net flux, 
gr, requires KF, field amp.-turns, where k is the leakage co- 
efficient and may be taken as 1.15. 

Let J, amp. now flow in each armature conductor, and let the 


4 
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¢ 
total number of conductors be C. Then total turns = oY and 


turns per pole = x where p = number of po'es. 


CI. 


The total armature amp.-turns per pole = ape 


Let the brushes be on the geometrical neutral, that is, midway 
between the poles. Then, since the conductors are distributed 


over the entire periphery, the effective armature A.7. per pole 
24 il O Minas AE 
‘Op xp 
The effect of these distorting ampere-turns has been shown 
to be to weaken the flux in the leading pole tips and to strengthen 
that in the trailing tips. The net result owing to unequal 
saturation of the iron, is to reduce the actual amount of the flux. 
In order to compensate for this reduction extra ampere-turns 
must be placed upon the field core to the amount of about 40 
per cent. of the armature cross-magnetizing ampere-turns, 
Thus, 


0.4 I.-C 


k= » if there is no brushshift 


and the total field amp.-turns per pole are 


0.4 IC 
Tp 


When the brushes are shifted a°, the cross-magnetizing amp.- 


turns are F, = pee x (Fig. 48). 


180 
fe —2a IC 
Their effective value is k, Te Si ep: 


Fy = kFo + 


where 


-G-*) 
The demagnetizing turns consist of a belt of conductors of 


width 2a°, The effective demagnetizing amp.-turns are then 


Hat IEG! 


Pa = ka 739 180 2p’ 


DIRECT-CURRENT GENERATORS 51 


a 1 
1 2 sin a 
[hy = a | © 6d0 = Da 


am 4 4 


where 


_ These latter ampere-turns act in direct opposition to the field, 
If there were no leakage of flux between field and armature, they 
would be compensated by placing an equal number of additional 
ampere-turns on the field. Owing to leakage this number must 
be multiplied by k. 

The total required field ampere-turns under the condition of 
brush shift of a° and J. amp. in the armature conductors is 
then 

T.Cae 


Py = (PF. + ka iat) + 0.4 ke 


(90 — a®)I.C 
180p 


? 


in order that the flux entering the armature shall be g,. With 
constant generated voltage the terminal voltage falls off as 
the load increases, due to the JR drop of the armature. ¢, 
must therefore be increased sufficiently to make up for the IR 
drop. 


CHARACTERISTICS OF DIRECT CURRENT GENERATORS 


From the discussion given above it should be possible to calcu- 
late the change of voltage with load in any of the different types, 
provided that the saturation curve could be expressed in a simple 
manner. Thisis unfortunately not possible, but it can be approx- 
imated by Froenicu’s equation, which is: 

Ye 
where m is the excitation in ampere-turns and e the corresponding 


voltage. k and k, are constants depending upon the shape of the 
saturation curve which constants can be determined by substi- 


é 


1It is seen that = cot a. Thus, on the basis given above, the ratio 


between the actual ampere-turns needed to compensate for the cross-mag- 
netizing and demagnetizing ampere-turns is .34 cot a. 

2¢ is the induced e.m.f. due to the rotation of the armature conductors in 
the magnetic field. m is the resultant m.m.f. of the amp.-turns on field 
and armature referred to the field structure. At no-load, m is obviously 
the field excitation alone. 
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tuting two known values of e and m from the actual saturation 

curve. 
Consider a compound wound generator. Let the induced 

voltage be e and the load current 7. If the resistance of the shunt 


lye e 
field winding is 7; the shunt field current is 77 = 7s If each field 
spool has ¢ turns then the m.m.f. of the field winding, per pole, 
is my = it = at) If the series winding has ¢; turns, per pole, 
(3 


the m.m.f. per pole of this winding is m2 = it;. Let the demag- 
netizing ampere-turns per pole of the armature with full-load 
current as determined above be D; then the demagnetizing ampere- 


: er 4 D. : 
turns, with load current 7, 1s m3 = aia where J is full-load current. 


Let the equivalent demagnetizing ampere-turns with full-load 
current, due to the “cross magnetizing’? ampere-turns be C; 


ye : C. 
then the demagnetizing effect .of 7 amp. is ms = T° 


The total m.m.f., mo, on each pole—were there no leakage— 
is: 
Mo = M1 + Me — M3 — M4 
Due to the leakage between the field poles the equation is 
obviously modified. Assuming 15 per cent. leakage: 


mo = 0.85(m: + me) — m3 — m4, 


my then being the m.m.f. which causes flux to interlink with the 
armature conductors. 

If the saturation curve were plotted on the basis of these 
ampere-turns the corresponding voltage could be obtained either 
directly or through FRoELIcH’s equation. This is, however, not* 
the case for the saturation curve takes into consideration the 
leakage. Therefore, in order to use the saturation curve we have 
to use a new value of mo, namely: 


1 
m= 0.85 mo 


“m= m + mM — me 
Numerical Application.—Let the no-load voltage eo, the no-load 


excitation, and the full-load current be taken as unity. Then 


é : 
m, = — = esince é = | 
€0 

; e-ir ee 
1Tt is really ae but zr is usually very small. 
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Let the full-load series excitation be 40 per cent. of the no-load 
excitation, then 


m2 = 045 = 0.47 since I = 1. 


Let the demagnetizing ampere-turns of the armature with full 
load current be 10 per cent. of the no-load field excitation, then 
mz = 0.102, and let the equivalent demagnetizing ampere-turns 
of the cross-ampere-turns with full-load current be 20 per cent.., 
then ms = 0.202. 

(This relation between m; and my, corresponds to 11° brush 


shift.) 


Terminal Voltage 


0 0.2 0.4 0.6 0.8 1.0 2.2 1.4 1.6 
Current 
Fig. 49. 
. 0.10 + 0.20 s) 
Then jesse i(0.4 = oes) eee 05 


Referring now to FRoELicH’s equation and assuming the sat- 
uration curve to be such that for e = 1, m = 1; fore = 0.6, m = 
0.5; then it is readily proven that k = 1.5, and k, = 0.5 


op) ey ML ia 
eee (5a Lb Ope 


= e+ 0.052, or e = 0.5 — 0.0257 + 
/ (0.5 — 0.0252)? + 0.15: 


The voltage at the terminal of the machine is less than e by 
the ir drop in the armature winding, brushes and series field. 
If at full-load the drop is 3 per cent. then at any other load it is 


0.037. 


5 a eb ial 
feel. or. 0.0€ 
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Thus e; the terminal voltage is 
é1 = e — 0.032 = 0.5 — 0.0552 + VY (0.5 — 0.0257)? + 0.157 


The student should verify curves a and b, Fig. 49. Curve a 
applies to the compound wound generator discussed above. 
Curve b to a typical shunt generator in which the ratio between 
the armature reaction and the no-load excitation is less than with 
a compound wound generator, and in which the saturation at 
normal voltage is usually higher. 

The constants used for the shunt generator are: 


— 2.33, kx = 1.33, Hite Sy WE 0, m3 = 0.052, ms, = 0.102, 
Ir = 3 per cent. 


It is seen that as the resistance of the load is gradually decreased 
the current increases up to a certain maximum value, in this 
case 20 per cent. more than rated current; after that, the current 
and voltage both decrease. 

The student should study the effect of the saturation on the 
shape of these curves. : 


CHAPTER X 


A STUDY OF THE DESIGN OF A DIRECT-CURRENT 
GENERATOR 


All the underlying principles of the direct-current generator 
may be studied to good advantage from the basis of a concrete 
example. The example here chosen is an ordinary compound- 
wound generator with the following specifications: 

M.P. 12 — 500 — 375 — 250 volts, which means that it be- 
longs to the general multipolar class (M.P.), has 12 poles, 500 
kw. rated output, 375 r.p.m. at normal speed, and the voltage 
is 250 at both no-load and full-load. The normal-load current 
may also be given. It is 


_ 500,000 
~ 250 


Other data for this machine are: Armature external diameter = 
64 in., from which is obtained what is called diameter per pole 
= = = 5.00 In, | 

Armature internal diameter = 44 in. 

Number of armature slots = 216. 

Dimensions of slots, 0.465 in. wide by 1.3 in. deep. 

Armature winding is of the multiple drum type. 

Current in each effective conductor is 


2000 
SS By 


= 2000 amp. 


= 167 amp. 


Each effective conductor consists of two bars in parallel. Hach 
bar is 0.075 in. X 0.45 in., without insulation. 


Area of each effective conductor = 2 X 0.075 X 0.45 = 
0.0675 sq. in. 
167 amp. 


.. Current density in conductor = 0.0675. ~ 2470 amp. per 


sq. in. 
55 
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With direct-current generators, current density in the arma- 
ture conductors generally lies between 2000 
and 3000 amp. per sq. in. 
Number of effective conductors per slot = 4. 
Number of conductor bars in each slot = 8. 
Arrangement of conductors in slot is as 
shown in Fig. 50. 
Number of effective turns per pole, 


conductors per slot X number of slots 4 X 216 4 36 


conductors per turn X poles — 2X12 


Flux Calculation.—There are now sufficient data to apply the 
fundamental e.m.f. equation to the determination of the flux. 
The equation is 


RL: 
emmei0: 


volts. 


Supplying numerical values, 


4 X 37.5 X da X 36 


250 = 508 


’ 


whence 
oq, = 4,630,000. 


¢, here is the required flux per pole entering the armature at no- 
load. Neglecting the effect of the small shunt field current flow- 
ing in the armature, the generated voltage and terminal voltage 
are the same at no-load. 

At full-load, in order to maintain the same terminal voltage, 
250, it would be necessary to generate a slightly higher voltage 
to supply the drop in the armature, series field and brushes. 
Assuming this drop to be 214 per cent., the required flux entering 
the armature at full-load is 


¢’a= 1.025 X 4,630,000 = 4,750,000. 


The total flux which must be generated is made up of the 
armature flux and that which leaks across from pole to pole with- 
out passing through the armature. Assuming the leakage flux 
to be 15 per cent., the total flux in the pole core at no-load will be 


¢- = 1.15 XK 4,630,000 = 5,320,000. 
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At full-load the total flux will be 
’. = 1.15 X 4,750,000 = 5,450,000. 


The Magnetic Circuit.—In order to produce this flux it is 
necessary to employ the required number of ampere-turns per 
pole of the field winding. These are determined as the sum of 
the ampere-turns required for each part of the magnetic circuit 
supplied by the windings on a single pole. The separate 
parts are (1) the armature teeth, (2) the air gap, (3) the armature 
core, (4) the pole core, (5) the yoke. 

The relations between ampere-turns per inch length of the 
magnetic path and flux density in lines per square inch are 
given by the saturation curves for the various materials com- 


Tri, oll. 


posing the magnetic circuit. To ascertain the ampere-turns it 
is necessary to know the cross-sectional area and length of each 
component part of the magnetic circuit. These are best deter- 
mined with the help of a scale drawing showing the armature and 
the field cores in their relative positions. Such a drawing is 
reproduced in Fig. 51. 

Here the mean flux paths are indicated by heavy dotted lines. 
The cross-sectional areas through which they pass are ascertained 
directly from the given dimensions, except in the cases of teeth 
and gap. 

Area of Flux Path through Teeth.—Since the slot is of uniform 
width, the tooth must be narrower at the base or ‘“‘root’”’ than 
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at the face. The ampere-turns required for the teeth may be 
taken as the mean of the ampere-turns which would be required 
if the teeth area throughout were that at their face, and if it 
were that at their base. This is not the same as the ampere- 
turns required for the mean area of the teeth. 

Width of tooth at face = slot pitch — slot width 


ar X 64 : 
=> Die — 0.465 = 0.465 in 
Width of teeth at face = 0.465in. X number of teeth under one 
Be pole are 
pole = 0.465 X teeth per pole X polev altel 1.08 
= 0.465 < Z10 2 ONY Se ALORS SS] GB} ihn. 


12 


The factor 1.08 is inserted to allow for fringing, that is, 
the spreading of the flux to teeth not immediately under the 
pole. 

Teeth area at face = 6.53 X net armature length = 6.53 X 
(gross armature length — air duct width) X 0.9. This armature 
has a gross length, parallel to the shaft, of 9 in.; the air ducts 
are six in number, each 3¢ in. wide, making a total width of air 
duct of 2.25 in. The factor 0.9 is commonly used to allow 
for space lost between the laminations due to the presence 
of Japan insulation or natural inequalities in the material. 
Substituting these numerical values, the teeth area at face 
is = 6.53 X (9 — 2.25) 0.9 = 6.53 6.07 = 39.6 sq. in. 


Width of tooth at base = ae — 0.465 = 0.428 in. 
Teeth area at base = 0.428 < * Xe OR 25 <a le OS ant ae 


36.4 sq. in. 

Area of Flux Path through Gap.—It might be assumed that a 
mean area between that of the pole face and that of the teeth 
should be taken for the gap. Consideration, however, will show 
that this will give too small a result. 

The flux in the gap fills practically the whole of it, though 
near the teeth the distribution is no longer uniform. A fairly 
satisfactory approximation to the effective gap area is obtained 
by taking one-fourth of the sum of three times the pole face area 
plus the teeth face area. Thus, gap area, 
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_3 X pole face area + teeth area 
= 7 : 


Pole face area = pole are X pole length = 12.2 x 7.25 = 88.4 
sq. in. 


Ay 


3X 88.4 + 39.6 : 
2 Ap = 4 5 = 76 sq. in. approx. 


Areas of Armature Core, Pole Core and Yoke.—The armature 
core section perpendicular to the flux path is taken radially, 
and is the product of the radial distance, a, in Fig. 51 and 
the net length of the core. Thus 


Ag = 8.7 in. <x 6.07ins =152.8 sq. In. 


The pole core section is circular in this machine, the area 
being 
Ap = mfp? = a X (4.4875)? = 62 sq. in. 


The effect of any variation due to the pole shoe is very slight 
and may be neglected. 

The yoke section is taken radially as at 6, in the figure. Its 
form is somewhat irregular. 

In this instance the area is 


A, = 83.5 sq. in. 


Materials ——The armature core is of soft sheet-iron laminations 
of high permeability, the poles are of soft steel and the yoke is 
of cast iron. Magnetization curves of these materials are given 
in Fig. 23. 

No-load and Full-load Saturation Curves.—Having now de- 
termined the fluxes, areas, lengths and materials, it is in order 
to put these together in tables to show the flux densities, 
ampere-turns per inch, and ampere-turns for each part of the 
magnetic circuit, and finally the total ampere-turns. This is 
done for both no-load and full-load. In the former case a 
point is obtained on the no-load saturation curve, Fig. 52. 
Other points on this curve are obtained by repeating the tabu- 
lation process, starting with any desired values of voltage, such 
as 80, 150, 200, 260, 280, determining the fluxes from the e.m.f. 
equation, then flux densities and ampere-turns. 

With the rest of the design the student should hand in both 
curves with complete tabulation of points. 
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Tabulations for 250 volts, no-load and full-load, are given 
in Tables III and IV. 

In the case of full-load there must be added the ampere- 
turns required to overcome the armature reaction, in order to 
give the total required ampere-turns and the resultant point 
on the full-load saturation curve. 


Tasie III 
No-load. EH = 250 volts 
Part = 
Flux (megl.) 1 Area B AT /ia. Length, in.| A.T. 
(face) 39.6 117,000 |180 \ 42 
Teeth..... 4.63 (base) 36.4) 127,000 |480 j 820, tee ; 
(Caper 4.63 76.0} 61,000 19,100 0.3125 '5,970 
Armature... 2.315 54.5} 42,500 3 of 30) 21 
Poles. eee 5.32 62.0) 86,000 40° |12.0 480 
Vokemerec 2.66 83.5} 32,000 50 {12.0 600 
‘otalirequired amp ulin ssc nilet irre ersrasie eit tien ie ete ee 7,500 
Tasie IV 
Full-load. E = 250 volts 
Part 
Flux (megl.) Area B A.T fin \Length, inv ALT 
eS edt | eR oa is eee (face) 39.6} 120,300 |230 
Teeth tene 4.75  |(base)36.4| 130,700 |5s0 { 2° | 1-3 au 
Gap sere: 4.75 76.0} 62,600 19,600 | 0.3125 | 6,140 
Armature. . 2.375 54.5) 43,600 2.8 i 0) 19.6 
Rolemee cnt 5.45 62.0) 88,000 43 12.0 516 
Yokea denn 2.725 83.5] 32,800 52 12.0 624 
ATO D turns teser. ots caste creel Merde eae Oc en ee ee 7,807 
Amp.-turns required to overcome armature reaction............ 2,620 
Lotalirequined samp GUTS eerie mie eine ener 10,427 


Armature Reaction.—‘‘ Armature reaction’? means effective 
ampere-turns per pole on the armature. The actual amp.- 
turns per pole, in this case, are 167 X 36 = 6000. 

Since the turns are distributed over the armature surface the 
effective amp,-turns are 


2 
= xX 6000 = 3820. 
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If there were no shift to the brushes, these ampere-turns would 
all be cross-magnetizing, or distorting, To compensate for 
them, it is necessary to supply about 40 per cent. of their value 
in additional ampere-turns on the field core, 

It is assumed, however, that the brushes will be shifted 15°, 
giving a distorting belt of 180° — 30° = 150°. To overcome the 
distorting ampere-turns at full-load there will then be required 


280 


240 


80 


40 


2000 4000 6000 8000 10000 12000 
Ampere-Turns 


iki, BY 
7a xX 36 X 167 X ke X 0.4 = 1480, 
180 
where 
pee eee os i 0737 
Oye sai ~~ DG eres : 


AGS 
The demagnetizing ampere-turns constitute a belt 30° wide. 
To compensate for them would require their exact numerical 
equivalent, were there perfect mutual induction between these 
turns and the field. Owing to magnetic leakage there should be 
added about 15 per cent. to the effective demagnetizing ampere- 
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turns. To compensate for these, therefore, will require 


x xX 36 X 167 X ka X 1.15 = 1140 amp.-turns, 

where kg = 0.99. 

To overcome armature reaction at full-load will require 1480 
+ 1140 = 2620 additional amp.-turns on the field core. 

For any other load, keeping the same shift, the required 
ampere-turns will be proportional to the load current. 

No-load and full-load saturation curves are shown in Fig. 52. 

The Shunt Field Winding.—Under no-load conditions it is 
evident that the shunt field current must supply the entire ex- 
citation. In this machine, therefore, the shunt field m.m.f. 
must consist of 7500 amp.-turns per pole when an e.m.f. of 250 
volts is being generated. 

Actually, each shunt spool is wound with 460 turns of No. 7 
B. & S., D.C.C. wire. The field current is therefore 


_ 7500 
eA 


The shunt coil has an actual length of 6.25 in. As the di- 


ameter of No.7 wire is 0.16 in., including insulation, there will be 
t ; : 
0.16 X 6.25 = 39 turns per layer of wire. There will be oo = 
11.8 layers, or practically 12 layers, giving a depth of winding 
of 0.16 X12-= 1.92 in: 
The mean radius of the coil, allowing for spool thickness, is 


then 


= 16.3 amp. 


2 
Mean radius = a24 ue =. Grint 


.. Mean length of turn = 27 X 5.46 = 34.35 in. 
Total length of wire on each shunt spool is 


34.35. 
te in. X 460 = 1316 ft. 


Resistance of No. 7 wire at 65°C. = 0.586 ohm per 1000 ft. 
.. Resistance of each shunt spool is 


0.586 X 1.316 = 0.77 ohm. 


The resistance of the entire shunt field is 


ry = 0.77 X 12 = 9.24 ohm. 
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The voltage drop on the shunt field is 
are = 16.3 X 9.24 = 151 volts. 
The voltage drop in the shunt field rheostat is 
érn. = 250 — 151 = 99 volts. 


The Series Field Winding.—Consider two cases: (1) the genera- 
tor to be flat-compounded, (that is, the no-load and the full- 
load voltages are equal, as specified), and (2) the generator to 
be 5 per cent. over-compounded. 

In the first case, it is evident that the shunt field ampere- 
turns will remain the same at full-load as at no-load since the 
same voltage, 250, is impressed on the shunt circuit. 

But by Tables III and IV, it is seen that at full-load there will 
be required 10,427 — 7500 = 2927 additional amp.-turns. These 
must evidently be supplied by the series field m.m.f. 


Eircerocs 


The actual winding consists of 214 turns per pole. Each turn 
is made up of 5 strips of conductor in parallel, each strip being 
31g in. wide by 0.095 in. thick. The accomplishment of half 
a turn is illustrated in Fig. 53 which represents the arrangement, 
in plan, of the series field winding. 

The series field current must then be 


_ 29974.T. 
> 2:5 turns 


This means that with full-load current 2000 — 1170 = 830 
amp. must be diverted from the series turns by a shunt con- 
nected in parallel with them. This shunt is, in practice, usually 
composed of German silver strips whose length is so adjusted by 
test as to divert exactly the required amount of current. 

In the second case, the full-load voltage with 5 per cent. over- 
compounding is 1.05 & 250 = 262.5. 

To obtain this voltage requires the addition of 11,700 — 7500 = 
4200 amp.-turns to the no-load ampere-turns. This additional 


ts = 1170 amp. 
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excitation is not all supplied by the series field m.m.f., however, 
since the shunt field current is affected by the increased terminal 
voltage. The shunt field m.m.f. now consists of 1.05 X 7500 = 
7875. amp.-turns. 

Therefore, the series field m.m.f. must consist of 


11,700 — 7875 = 3825 amp.-turns. 


The current in the series winding is then 


. 3825 
beter 


The current diverted through the shunt to the series field is 
2000 — 1530 = 470 amp. 
The shunt field current is 
tf = 17.1 amp. 


= 1530 amp. 


Consideration of the saturation curves will show that this is 
nearly the limit of over-compounding for this machine. If 
full-load voltage of 275 were desired, it would be necessary to 
add another half turn to each series coil. 

The series field m.m.f. has been made to compensate for the 
armature reaction and the zr drop (assumed 2% per cent.) in 
the armature. So far as the field design is concerned, this is 
satisfactory. These calculations are, however, only approxi- 
mate and the actual values should now be determined from the 
known data of the machine. 

Armature Resistance.—Being multiple wound, there are 12 
paths in parallel in the armature. Each path includes 72 con- 
ductors, or 36 turns. The length of a turn is twice the gross 
length of the armature plus the end connections. The end 
connections for one turn may be taken as 9 X diameter per pole 
of the armature = 9 X 5.33 = 48 in. 

Length of one turn is thus 2 X 9 in. + 48 in. = 66 in. 

Length of one path of 36 turns = axes = 198 ft. 

Since the area of each effective conductor section is 0.0675 
sq. in., its resistance is found to be 0.142 ohm per 1000 ft. at 
65°C, 

Resistance of one path is thus 0.142 x 0.198 = 0.02812 ohm. 
Resistance of 12 paths in parallel is 


0.02812 


12 = 0.00234 ohm. 
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The true armature resistance will be somewhat less than 
this owing to the intermittent short-circuiting of coils by the 
brushes, and its average value may be taken as 


7a = 0.00226 ohm. 
Voltage drop in the armature is 
Cg = Tala = 0.00226 X 2017 = 4.55 volte. 


Brush Resistance.—There is always a drop in voltage at the 
brushes due to the true brush resistance and also to the re- 
sistance of the sliding contact between brushes and commutator. 
This combined resistance has no definite value which may be 
calculated, but it is found by experiment that the drop which 
it causes amounts to 2 volts when the current density in the 
brushes is 30 amp. per sq. in. or more, while for densities less 
than 30, the drop is proportional to the current density. 30 
amp. per sq. in. is about the usual current density in brushes. 
Drop across brushes is thus e, = 2 volts. 

Series Field Resistance.—Total thickness of series conductor = 
0.095 in. X 5 strips = 0.475 in. Area of series conductor = 
0.475 X 3.125 = 1.485 sq. in. Mean radius of series turn, 
allowing 149 in. insulation between turns, is found to be 5.12 in. 

mean radius, 3 turns + mean radius, 2 turns 


Mean radius = 5 
~ (4.5 + 0.475 + 0.0313 + 0.233) + (4.5 + 0.475 + 0.0156) 
is 2 
= oat? == GY ita. 


.., Mean length of series turn = 2 X 5.12 Xm = 32.2 in. 


eet 12 X 32.2 2.5 
Length of series winding = es 12 s = 80.5 {t.. approx. 


To this should be added about 5 ft. for connections between 
coils, making the series winding 85.5 ft. long. Resistance 
per 1000 ft. of series conductor is found to be 0.00645 ohm at 
65°C. 
Series field circuit resistance is therefore 
r, = 0.00645 X 0.0855 = 0.000552 ohm. 


As it was found that only 1170 amp. go through the series 
field coils at full-load, the voltage drop on the series field wind- 
ing is 

€s = Tests = 0.00055 X 1170 = 0.645 volt. 
5 
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Total voltage drop in the machine is therefore 
Ca + & +e, = 4.45 + 2 + 0.645 = 7.095 volts. 


7.095 
or “250 
If the assumption of percentage drop is not considered to have 
been sufficiently close, the magnetic calculations should be 
repeated using the new percentage just found. 

Commutator and Brushes.—The size of the commutator is 
determined chiefly by the brush requirements. The number of 
commutator segments is 432, that is, one segment to each effective 
turn on the armature. 

The brushes rest perpendicularly on the commutator. There 
are 12 studs of brushes, each stud holding 10 brushes. Each 
brush has a cross-section of 1.25 in. X 0.75 in., giving a brush 
area of 0.94 sq. in., or 9.4 sq. in. per stud. 

As there are six positive and six negative studs, the area 
of the positive (or negative) brushes is 6 X 9.4 = 56.3 sq. in. 


Therefore the current density in the brushes at full-load is 
2016.3 


56.3 

The commutator length must exceed that of the brushes on 
the stud, that is, it must exceed 10 X 1.25 -+ some space of 
separation between adjacent brushes. In this case the com- 
mutator length is 17.5 in. 

The commutator diameter is influenced by the peripheral 
speed. Being built up of numerous copper segments each 
separated by sheets of mica, the commutator is usually mechan- 
ically weaker than any other revolving part. It must not only 
be protected from forces which would cause it to fly apart, but 
there must be no force acting upon it which will be strong 
enough to cause even slight warping of its surface. Good com- 
mutation demands smooth, even contact between the segments 
and the brushes at all times. 

On the other hand, too small a diameter results in very narrow 
segments, thin and wide brushes and then, in turn, a longer 
commutator. 

The commutator diameter for this machine is 39 in., which is 
approximately 60 per cent. of the armature diameter. From 


= 0.0284, or, approximately, 2.5 per cent. as assumed. 


= 35.8 amp. per sq. in. 
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this it is found that the width of segment plus the mica in- 
sulation is 


1739 : 
432 — 0.284 in. 


The brushes will therefore extend over 


5 
0.284 = 2.64 segments. 


Flux Distribution Around the Armature.—It is of interest at 
this point to investigate the distribution of the flux around the 
armature periphery on account of its bearing on the commuta- 
tion and also in order to be able to determine the potential 
difference between any two adjacent commutator segments. 
This is best accomplished with the help of a diagram in which is 
shown a pair of poles drawn to scale in relation to the armature, 
developed along the horizontal line. 


a 


‘S| 
23 4°56 778 
<——— 


| 
SS 

Rotation NV 
| 


wt 
Field Flux Density-~~ 


Fre. 54. 


A curve abcde, Fig. 54, is first constructed to represent the 
flux distribution around 360 electrical space degrees of the 
armature periphery. This curve is based on the assumption of 
flux density, being inversely proportional to the flux path in the 
air. Thus, the density is uniform under the pole and is so 
represented by the line ab. To determine the densities between 
the poles, empirical mean flux paths to the teeth are drawn, and 
the flux along each path is taken as inversely proportional to 
its length. The curve cde will obviously be the reverse of 
curve abc. 
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The second step is the construction of a curve of armature 
magnetomotive force. This m.m.f. will act in the direction of an 
axis midway between the poles (assuming brushes to be set on 
the geometrical neutral). 

Along this axis the m.m.f. will consist of all the armature 
ampere-turns per pole. Acting through the next adjacent teeth 
s, s, the m.m.f. will be diminished by the amount of armature 
ampere-turns included between these teeth. These ampere-turns 
may be plotted, tooth by tooth, in the manner thus indicated, 
and the result will be a curve, fgh, in the form of successive steps 
corresponding to the armature teeth. To construct the flux 
curve of the armature reaction from the m.m.f. curve, reluctance 
of the air paths alone need be considered. To be sure, the rest 
of the flux path, especially that of the teeth, would have some 
effect on the accuracy of the curves so obtained. But the error 
would not be great, being anywhere from 2 per cent. to 8 per 
cent. according to the position of the point on the curve. The 
flux density for each tooth is therefore determined from the 
formula: 

Pr OAT 
eee has 
where 1 is the length of the path in air. 

This is plotted as curve, ijk, to the same scale as the curve of 
the field flux density—abcde. 

The actual densities along the periphery will vary from tooth 
to slot, and, indeed, this variation is noticeable on many oscillo- 
grams of alternator voltage. The ripples which occur in the flux 
wave due to alternate teeth and slots would exist equally with 
reference to the field flux, armature flux and resultant flux. 
In order to avoid confusion the ripples have not been shown on 
the armature density curve, but all the waves are plotted as 
smooth lines. 

A study of the resultant wave reveals the great distortion caused 
by the armature current, the strengthening of the flux in the 
pole tips at A, the weakening at B, and the shifting of the neutral 
point, c, in the direction of rotation. 

The student may well discuss the effect on the flux density 
waves of giving a shift of the brushes. 

Losses and Efficiency.—The efficiency of a machine is given 
by the equation, 


B 


output 


efficiency = 7 = : : 
ae! output + losses 
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The full-load output of the generator has been given as 
P = EI ~ 1000 = 500 kw. 


The problem of the efficiency is then one of determining the 
losses. The losses of a generator may be considered under three 
heads: (1) copper losses, due to heat developed by the currents in 
the windings; (2) core losses, due to hysteresis and eddy cur- 
rents set up by the changes of magnetic flux in the iron and, to a 
slight extent, in the copper of the machine and (38) friction losses, 
including that of the bearings, the brushes and windage. 

Copper Losses.—These consist of I?r loss in the armature, 
the shunt field circuit including the rheostat, the series field 
coils, and that of the brushes and commutator. 

It is not sufficient to ascertain these losses for full-load only. 
The quality of a generator is displayed by its performance at all 
reasonable loads. The efficiency will in this case, therefore, 
be calculated for loads from zero to 150 per cent. of full-load. 

The armature copper loss is Jara, where ra = 0.00226 ohm. 
Shunt field copper loss is J;H;, where E; is the voltage impressed 
on the field circuit, and is in this case 250 volts. I; = 16.3 
amp. 

.. Shunt field copper loss = 16.3 & 250 = 4075 watts. 

The series field loss is J;H,, where J, is the line current 
I, — I;, and EH, has been found to be 0.645 volts at full-load and 
varies directly with J, for other loads. 


TABULATION OF CoppER LossEs 


Per 

cent. 0 25 50 te 100 125 | 150 
load 
Ihe 16 516 1,016 1,516 2,016 2,516 3,016 
lige 256| 266,000| 1,037,000, 2,300,000) 4,075,000) 6,330,000, 9,100,000 
TPs, || (0), tas 600 2,340 5,200 9,200 14,300 20,550 
T;E,; | 4,075 4075 4,075 4,075 4,075 4,075 4,075 
lke 0 500 1,000 1,500 2,000 2,500 3,000 
E; OORT 0.322! 0.484 0.645 0.806 0.968 
Te tBe 0 81 323 (25 1,290 2,018 2,905 
E, 0) 0.6 1L 1.8 2, 2 D, 
Leis 0 310 1,220 20) 4,032 5,032 6,032 
Total 

loss | 4,075} 5,066 7,958 12,730 18,597 25,425 33,562 
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Brush loss = I,H,, where Hy is the voltage drop in com- 
mutator and brushes, being approximately proportional to cur- 
rent density in the brushes up to a density of 30 amp. per sq. 
in. and being 2 volts for higher current densities. 

Core Loss.—The hysteresis loss is principally in the armature 
and is due to the reversal of direction of the flux in the metal as 
the armature spins around. The amount of energy expended 
in reversals of the magnetic molecules is proportional to the 
frequency and approximately proportional to (flux density)**®. 
Thus, 
Hysteresis loss = kfB*°. 


The exponent 1.6 was found experimentally, by STEINMETZ; 
it holds with sufficient accuracy for the usual range of flux densities 
obtained in electrical machinery. 

In direct-current armatures hysteresis loss usually amounts to 
about 2.8 watts per lb. at f = 60 and B = 64,500. Assuming this 
value as standard, the armature core loss and teeth loss are ex- 
pressed by the equation 


i 


B 


64,500 


For both core and teeth, f = 37.5. 

B, in core = 43,600 at 250 volts, full-load. B, corresponding 
to average amp.-turns required by the teeth = 126,000. 

Weight of armature core = vol. X wt. of 1 cu. in. 


= 0.28 X 6.05 X (30.72 — 222) = 2430 lb. 


1.6 
) xX wt. of core or teeth in lb. 


Weight of teeth = 0.28 X 6.05 X [1(322 — 30.72) — 


216 X 1.3 X 0.465] 
= 0.28 X 6.05 X [258 — 130] = 217 lb. 


Substituting these values, the total hysteresis loss in teeth 
and core is 


Wa = 28x Te L(Gus00) x 2880+ (‘Sr 500) 217] 


= 1.75 [0.67616 x 2430 + 1.9516 x 217] = 3340 watts. 


The eddy current loss is due to the heating of the core by local 


or eddy currents set up in the material of the core by the chang- 
ing flux within it. 
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: E? 
It is therefore an [?R loss, or R? where F is the e.m.f. set up, 


which is expressed by the equation 

4 Ado 
108 

where ¢ = B X area = total flux. 


From this it may be seen that the eddy current loss may be 
written 


E= 


We = khypB* 
The eddy current loss may be reduced as much as desired by 
making the laminations of the armature core sufficiently thin. 
A satisfactory value for this loss may be obtained by assuming 


it equal to the hysteresis loss. In that case, W. = 3340 watts 
and the total core loss is 


W. = 2 X 3340 = 6680 watts. 


Losses in pole faces and copper due to eddy currents are here too 
small to consider. 

There will also be slight changes in the values of the core 
- loss as the load changes, due to variation in magnetic densities, 
especially in the teeth. This variation is also slight, however, 
and will be neglected. 

Friction Losses.—Loss due to brush friction is based on a 
coeficient of friction of 0.8, and a brush pressure of 1.2 lb. 
per sq. in. of brush surface. From this, the friction per sq. 
in. is 0.8 X 1.2 = 0.86 lb. Surface area of one brush = 1.25 X 
0.75 =) 09375 sq. in. 

Total brush friction force is then, 


F = 0.9375 x 10 X 12 X 0.36 =*40.5 lb. 
Power loss, 


W,= 3 000 X 746 watts, 
where 
r = radius of commutator in ft. = 1.625 
and 
n = speed in r.p.m. = 375. 
Thus, 


Qe X 1,625 X 375 X 40.5 X 746 
WS 33,000 


1 This is the equation for induced e.m.f. in a transformer. It holds also 
in this case as will appear later when the transformer is studied. 


= 3500 watts. 
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Bearing friction and windage, together, make a complicated 
loss to determine with accuracy. This loss is, however, one 
which may be assumed with quite sufficient accuracy from the 
data obtained in practice. A fair assumption to make for 
generators of this type is 1 per cent. of the rated output of the 
generator. In this case then 


Wy; = 500,000 X 0.01 = 5000 watts. 


Summary of Losses, Output and Efficiency.—The combined 
losses of the generator for different per cent. loads is given in 
Table V. 


100 ] 
80 

60 

A 

t3} 

& 

ica) 

R40 

20 T 
0 25 50 75 100 125 150 
% Load 
Fig. 55. 
TABLE V 
The efficiency curve is shown plotted against per cent. load in Fig. 55 
Per cent. load 0 25 50 75 100 125 150 

Copper loss.....| 4,076) 5,066; 7,958) 12,730) 18,597} 25,425) 33,562 
(CLONE MOE gc oes 6,680| 6,680) 6,680) 6,680} 6,680) 6,680) 6,680 
Friction loss... .| 8,500} 8,500) 8,500) 8,500] 8,500} 8,500! 8,500 
ARO MOSES 6 boo oc 19,256} 20,246) 23,138) 27,910) 33,777) 40,605} 48,742 
OUGo tee eee 0, 125,000, 250,000, 375,000; 500,000) 625,000) 750,000 
Input Petancusket aches 19,256 145,246) 273,138) 402,910) 533,777| 665,605) 798,742 
Efficiency....... 0;} 0.86) 0.915 0.93} 0.936) 0.939) 0.939 


Temperature Rise.—The final limit to the output of the 
generator is the permissible temperature rise. The effect of 
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temperature on copper is to increase is resistance to a slight 
extent; the effect on iron is to increase its permeability. These 
effects tend to offset each other so that, as far as these two 
materials go, it ‘would be permissible to attain very high 
temperatures. 

On the other hand, the insulation is the real limiting feature. 
Of the many insulating materials, none possesses the com- 
bination of qualities necessary in the ideal insulator for electrical 
machinery. This material should be of high insulation strength, 
strong mechanically, and its insulating and mechanical qualities 
should not change under long-continued heating. Mica is 
the best insulator in these respects, except that it is poor from 
the mechanical standpoint. Asbestos is useful owing to its 
heat-resisting qualities, but it is a rather poor insulator and its 
mechanical possibilities are limited. Cotton tapes and varnishes 
do not withstand the high temperatures. 

In attempting to extend the limit of output of machines of 
a given size there are two lines along which lie the main pos- 
sibilities of success. 

Either some new insulating material, more satisfactory than 
those at present in use, may be discovered or invented, or im- 
provement in ventilation and heat radiation may be accom- 
plished by alteration of the mechanical design. 

Under existing conditions a temperature rise of 40°C. above 
that of the surrounding air is quite conservative. The tem- 
perature which different parts of a machine will attain is hard 
to predetermine accurately from the design. Practical studies 
have afforded certain empirical constants which permit ap- 
proximate determinations to be made, but in any case, practical 
experience will greatly assist the designer in his attempts to keep 
close to the limits. 

For the present it will be sufficient to determine the watts 
per square inch of surface of field spools and armature. For 
rotating machinery 0.5 watt per sq. in. will correspond roughly 
to a temperature rise of 40°C. 

The external surface of a field spool, only, should be taken, 
and the same applies to the armature. These should, of course, 
be calculated separately. 

Problem 30.—In the machine just studied, show by calculation, as indi- 
cated above, that the temperature rise in the field and armature coils will 
not be excessive. 


CHAPTER XI 


ELECTRICAL CONSTANTS OF A DIRECT-CURRENT 
GENERATOR HAVING COMMUTATING POLES AND 
COMPENSATING WINDING 


As a typical generator of this more complex type will be taken 
the following: 


M.P. 6 — 1000 — 600 — 1200/1260 volts. 


The generator is thus 5 per cent. over-compounded. Being 
designed for comparatively high voltage, commutation becomes 
a matter of special importance. 

To insure proper neutralization of the armature reaction, tere e- 
fore, special field windings are supplied, and these are so placed 
as to counteract the armature m.m.f. in space as well as in 
amount. That is, neutralization is accomplished by means of a 
compensating winding placed in the pole faces symmetrically 
with respect to the armature conductors under the pole arc, and 
an auxiliary commutating pole inserted between the main poles, 
where the armature magnetomotive force is the strongest, and 
whose duty is not only to neutralize this magnetomotive force 
about the neutral point in which the brushes are placed, but to 
supply a flux which will be in proper direction to balance the 
e.m.f. of self-induction of the commutated coil. With such an 
arrangement the brushes are given no shift, and, consequently, 
the armature m.m.f. is entirely cross-magnetizing. 

The series field m.m.f. proper is thus relieved of every duty ex- 
cept those of compensating for 7R drop in the armature and over- 
compounding. The circuit diagram of this machine is given in 
Fig. 56. 

General dimensions and specifications are as follows: 

Armature outside diameter, 48 in. 

Armature inside diameter, 28 in. 

Armature gross length, 15.5 in. 

Armature effective length, 11.7 in. 

Armature ventilating ducts, 4-1/2 in. wide. 

2-3/8 in. wide. 
74 
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Slots, number and dimensions, 144; 0.44 in. X 1.53 in. 


Effective conductors per slot, 6. 
Effective armature conductor section, 0.55 in. X 0.09 in. 


Armature winding, multiple drum. 


: Compensating Commutating 
Series Winding Poles 


Shunt 
Field Diverter 


Rheostat 


Compensating Winding 


A 
WA Re 
NAN) WA 
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Yoke section, rounded, 17 in. X 6.5 in. 

Main pole core section, 14.5 in. X 14.5 in. 

Main pole core length, including pole shoe, 14 in. 
Main pole core length, allowed for field spool, 13 in. 


Main pole are, 17.5 in. 
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Commutating pole section, 13.5 in. X 2.25 in. 

Commutating pole length, 14 in. 

Main air gap length, 0.3125 in. 

Air gap under commutating pole, 0.5 in. 

Shunt field winding; 2256 turns per spool of No. 15 B. & 8. 
triple cotton-covered wire. 

Series field winding; 3 turns per spool. Each conductor built 
up of 4 strips giving total section, 1.5 in. X 0.35 in. 

Commutating pole winding; 5.5 turns of copper ribbon 12 in. 
wide X 0.05 in. thick. 


1400 


1200 


1000 


800 


Voltage 


600 


400 


200 


2000 4000 6000 8000 10060 12000 
Ampere-Turns 


ices AW 


Compensating (pole face) winding consists of 16 conductors per 
pole contained in 8 holes in the pole face. Each hole has 2 
conductors, one, a tube, the other a rod within the tube. Tube 
outside diameter, 11g in., inside diameter 274, in. 

Rod diameter, 34 in. 

Commutator diameter, 30 in. 

Commutator length, 14 in. 

Commutator segments, 432. 

Segment width, 0.219 in. 


ELECTRICAL CONSTANTS (ee 


Brushes per stud, 7. 

Brush section dimensions, 1.25 in. X 0.875 in. 

The armature flux at no-load is readily found to be 13.9 
megalines per pole. 

The no-load saturation curve is given in Fig. 57, having been 
determined in exactly the same manner as that of the previous 
machine, given in Fig. 52. 

This curve shows that 7600 amp.-turns are required to give 
normal voltage at no-load. At full-load, the shunt field m.m.f. 


1260 
1200 xX 7600 = 7980 amp.-turns. 


Assuming 2 per cent. voltage drop inarmature and brushes, the 
total e.m.f. which must be generated is 1.02 X 1260 = 1285 
volts. From the saturation curve, this voltage requires 8750 
amp.-turns. Therefore the series field m.m.f. must supply 
8750-7980 = 770 net amp.-turns per pole. 

To supply these, however, account must be taken of the un- 
fortunate situation of the series field winding with respect to 
magnetic leakage. Being placed close to the yoke, the leakage 
factor should probably be 1.50 instead of 1.25 as used for the shunt 
field calculation. This factor could, of course, be calculated, 
but it is hardly desirable to introduce such a refinement when 
the means of adjustment of the series field current render a reason- 
able assumption entirely satisfactory. On the basis of a leakage 


will supply 


: 1.50 
factor of 1.50, the series amp.-turns are —5> X 770 = 924. 


1.25 
: : 924 
The series field current is J, = oo ae 308 amp. 


Current diverted around the series field is 
Ig = 793 — 308 = 485 amp. 


The entire load current of 793 amp. passes through the 9 turns 
per pole of the compensating winding, and the 5'% turns of each 
commutating pole. 


SATURATION CURVE CALCULATION 


No-load. # = 1200. 


E X 108 
Pot Af’ 

where 
600 6 
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Es OL ee 


6 


1200 X 108 
30 X72 X4 


x 2 


72 turns per pole. 


and gap at no-load. The flux in the pole core is 


where 1.25 is the leakage factor. 


ge = 1.25 X 13,880,000 = 


when interpoles are present. 


17,340,000, 
It is fairly large in this case, as is usual 


= 13,880,000 = flux in teeth 


48 
Tooth width at face <- — 0.44 = 1.05 — 0.44 = 0.61 in. 
ic pole are 17.5 
Teeth per pole = 24 X pole pitch X 1.08 = 24 x 25.5 * 1.08 
= 17.fo. 
Teeth width (face) = 17.75 X 0.61 in. = 10.85 in. 
Teeth width (base) = = < 10.85 = 10:15 in. 
Teeth area (face) = 10:85. Li7 = 127 sqe im: 
Teeth area (base) = LON Se Lt (a—sllS a sqene 
: ; 12 : A 
Gdp-ates _ 3 X17.5 —_ 5 +127 _ 9 aq ane 
pe = 
Arm. core area = =" a2 ey) SS ONS, i, 
Pole core area = 14.5 < 14.5 = 210 sq. in. 
Yoke area = 17:5 < 6.5 <-0:95 — 108 sq. in: 
No-load. #H = 1200 
Part Mate-| minx | Area | B | AT/in. | Length| AT 
Teeth (face)....)...... 13.88] 127/109,200) 93 | 
Teeth (base)....|...... 13.88) 118.8}116,800) 180 { PSO eos Ae 
Geta eisai 13.88] 222) 62,500 19,600) 0.3125) 6,125 
ATI ogeatte srt’ Sheet 
iron 6.94 99} 70,000 7 9.5 67 
Polewinemin nant Steel | 17.34; 210} 85,200 33.5 14 470 
Yoketaren ern Steel} 8.67; 108) 80,300 > 309 2453 730 
LO ta eee eed « Wao roe ie tetk setae oval lisa atic een egy ee 7,600 
EH = 600 
Veeth: (fade) s,"; lve apee eats 54,600) 3.9 | 
Testo bAse)-.x i)et or cc) eek ent 58,400) 4.4 [ ge SoS ee 
GAD A ee cso.» Gel te crveie a | dd eel dee: al oer eee ee | 3,063 
A TINEA Aare es, 8 | osetee als aoe acer 35,000 2 Al ete 22.8 
Pol ewan tarts cis| catrecis ail. Satta tere eee 41,250 Shae tcteneyc 126 
Vio ecemenre inte raven alice betes eters 40,150 Sac 215 
PL Ota Mee eter lia ayes|itisiers shail eave Maral RETO el cea Ree ena |e 3,433 
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E = 900 
Sethe Gace Nh Smee cle sa Lana. & 82,000 11.0 | 
Meet (base eet nce. de tsw ss 87,500)14.5 f Bescon. se 
Ga Dee eian a euticcl mens ge Gon nnn (nnn en 4,594 
i Vat an ae ty OR ter ee ret ot ieee 52,500 RW etame fe 35.8 
LEE Rey, a Reo ee 61,900 152 9leeaee, 222.5 
OR eo flee ee ee 60,200 1 See eee 367 
AMON rH coat "2 OR ereen eM aeti | geaneae Re Sem BeeIEs POW tel st ogee pee ae 5,239 
E = 1400 
SS EUI ACE) Sar Mes oti sec bee estas 127,400} 420 | 
Mees ase) 8). |e eae 136,100), 1.204) a 1 20U 
\CRNOE 5.6 G6 lvarane otal (epee cpeetee! ico ees aie Hansen) loonie a Argel De eA ed ore iecener e 7,150 


Fia. 58. 


Calculations of armature, shunt and series field windings, as 
well as brush losses and friction loss are made in exactly the 


same manner as in the preceding example. 


The difference in 


location of the shunt and series windings is given in Fig. 58. 
The division of the series into two coils per pole is made to 
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allow the necessary room for end-connections of the compensating 
winding. ; 

The calculation of the commutating pole winding is likewise 
a matter of applying the old principle. 

The conductor itself is of extreme dimensions, being a band 
of sheet copper 1 ft. in width. 

For the compensating winding the mean length of 1 turn 
is found to be 2 X (length of pole parallel to shaft + 4 in. 
(extension)) + 2 X mean span between poles, = 2 X (14.5 + 
Aleta xXelOine = 75 inj 

Total length of winding = eS x 8 X 6 = 300 ft. 


Area of conductor section = 0.442 sq. in. 

Resistance of winding = p- = ~ x ae = 0.0054 ohm. 

Voltage drop in winding = 793 X 0.0054 = 4.28 volts. 

Loss in winding = 4.28 X 793 = 3400 watts. 

Voltage drops and losses at full-load in other parts of the 
generator are as follows: 


Voltage drop Loss 
ATM AtULC He Aeobws a e tare We usetteer ae 14.75 11,700 

Shun titield sees cea ly descr tae ceacnoncreee (1,008) 
aA REO bWAVO NMOS Condo dc deaageed snbece 4,500 
Series field ee mate ea eee 0.636 505 
Compensating winding.............. 4.28 3,400 
Comimuba cine) fel eaten eee 1.19 945 
Brushes (272) aeeasaaeie ki eerie ieee ee 2 1,590 
[BIHAN so koam nmin daados  vaedwe 1,760 
Elysteresis losdaes ence noe en 9 een ne 7,220 
Ed dyacurren tices qmeemertyey ener ieee een a 7,220 
IMBOUEIM HAE WARNES nak eagesaad ueoame 10,000 

otaliyvoltage:dio penal ne 22.856 

Per cent. voltage drop.......... 1.82 
Total energy: loss eee icticrs, all eee 48,840 

_ output 1,000,000 


Efficiency = 


output + losses 1,048,840. — 0.953. 


Efficiencies for all loads are as follows: 


Per cent. load 0 25 50 1 100 1 150 
Per cent. eff. O 88.5 93.5 94.85 95.8 95.5 95.5 


Fig. 59 shows the efficiency curve. 
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EFFECT OF COMPENSATING WINDING AND 
COMMUTATING POLES 


To study the effect of these windings in neutralizing armature 
reaction, it is best to construct a curve of magnetomotive forces 
showing their distribution along the armature periphery. From 
this and the curve of field flux density the resultant flux density 
along the periphery is obtained. Such curves are given in Fig. 
60. The armature ampere-turns and field flux density in the gap 
are plotted to separate scales as was done in Fig. 54. The com- 
mutating pole and compensating winding ampere-turns are like- 
wise plotted, but their direction is, of course, opposite to that of the 
armature m.m.f. The resultant m.m.f. of these three is given 
by the heavy irregular line. The average of this resultant m.m.f. 
is seen to be very nearly zero, showing the effective compensation 
of the armature reaction. It is also observable that the commu- 
tating pole m.m.f. is made sufficiently strong to overbalance con- 
siderably the armature m.m.f. in the neutral axis, thus creating 
a resultant flux oppositely directed to the armature m.m_.f. 

The maximum armature m.m.f. which acts along the commu- 
tating pole axis is 9564 amp.-turns. Opposing this is the m.mf. 
of the compensating winding which is 6344 amp.-turns, and the 
m.m.f. of the commutating pole which is 4860 amp.-turns. Thus 
the resultant amp.-turns, not including those of the main field 
winding, amount to (6344 + 4360) — 9564 = 1140. When the 
armature is in the less advantageous position (that is, with a 
slot in the commutating pole axis), the resultant amp.-turns are 
10,704. —"(11-5 1797) == 11554. 

The average resultant amp.-turns along the commutating pole 
axis are therefore 1350. 

These ampere-turns, acting through a gap of 14 in. produce a 
flux density of 


1350 : A 
B= 0313 X05 > 8620 lines per sq. in. 


Commutation.—If the field in the neutral axis were completely 
neutralized, commutation would still be poor due to the reversal 
of the current in the conductors during the period of commuta- 
tion. Therefore, to balance the e.m.f. induced in the short- 
circuited coil under the brush, an approximately equal e.m.f. is 
created in the opposite direction in this coil by causing it to cut 
through the flux due to the commutating pole. 

Exact neutralization of the induced e.m.f. in the short-circuited 
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coil is practically impossible by this means. Current in the 
conductors does not vary logarithmically as in an ordinary circuit 
when the impressed e.m.f. is removed. If it did, the fundamental 
equation, (15), 


‘ a : 
f= +1 ae where r and LZ are approximately constant, 


would apply for the induced e.m.f. of the coil. But in this case, 
ris by no means constant due to the varying brush surface on the 
commutator segments. The value of r is therefore some func- 
tion of the time. Putting r = f (t), and considering the varia- 
bility of L, due to change of permeability in the iron part of the 
flux path, the induced e.m.f. would be expressed by the equation 


e = if) + 5 di) 


To solve this equation to a satisfactory degree of approxima- 
tion, certain assumptions may be made. First, let it be assumed 
that the current dies down in the coil 
as a sine wave (Fig. 61). The in- 
duced e.m.f. would then be maximum 
when the coil axis passed through the 
center of the brush. 

If this maximum value were de- 
termined, it could be made equal to 
the e.m.f. produced by rotation of the 
coil through the field set up by the commutating pole. Other 
values than the maximum could be left to care for themselves, 
being of secondary importance. The maximum value of the 
e.m.f. of self-induction is 


Be ae lee, 


| 
| 
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Fig. 61. 


Em = IX 


where J is the current in the armature conductor at the moment 
when commutation begins, and, in this case, is 183 amp. and X is 
the reactance of the coil. 

The second assumption is that L, the coil inductance, is 
constant. Hence 


A= 2a fel, 
where f, = frequency of current during commutation. 
fe = a where 7, is the time of cummutation, since this time 


evidently corresponds to one-half wave length. The time of 
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commutation is that time taken by the commutator to move a 
distance equal to the thickness of a brush. In the machine under 
consideration each brush covers four segments. 


! segments covered by brush 
oh ey total segments 
1 4 
= 39 X Gag = 0.000925 sec., 
and 
1 


f. = 25< 0.000025 ~ 540 cycles per sec. 

In calculating the coil inductance, L, it is not sufficient to consider 
only the interlinkage of each coil with the flux which it produces. 
Mutual induction is also present, the value of L desired being 
therefore not strictly the self-inductance, but including that due 
to the interlinkage of the flux produced by the current in all 
6 turns with each single turn. In this machine the conductors 
in each slot are all in parallel; thus N is 1 turn, composed of 2 
conductors. It should be noted that of the 2 conductors com- 
posing any turn, one of them lies in the lower half of its slot, while 
the other lies in the upper half of its slot. The interlinkage of 
each conductor with the total flux will not be the same in the 
two cases. 

However, by considering the total flux as due to the 6J amp.- 
turns of a slot acting through an effective magnetic conductance, 
G, and surrounding each of the 6 conductors, the inductance 
thus calculated will be correct, provided the proper value of G 
is determined. Thus, 


¢ = 6I XG, 


where ¢ is the equivalent flux surrounding all conductors in 1 
slot. (The inductance due to end-connections must also be 
ascertained, as is done later.) 
The magnetic conductance per centimeter effective length of 
the armature is calculated by means of the general formula, 
area 


7 length 0 ary 


g 


Considering the magnetic circuit (Fig. 62), it is seen to consist 
of 3 parallel paths in air, namely: that of section A and length 
& through the conductors, that of section C and length E above 
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the conductors, and that of section / and length D, from the top 
of one tooth to the top of the other. The common path through 
the iron may be neglected as offering comparatively little 
reluctance. 

To find the effective magnetic 
conductance per centimeter 
length across the section A, con- 
sider an elementary section, dz, 
at distance, x, from the bottom 
of the conductors. The con- 
ductance across this section is 

= O.4rdx 


dg fey 


Nees: 61 : 
The amp.-turns acting in this conductance are wi where I is 


in amperes, 
Therefore the flux set up through dz is 


0.4rdx 6a 2Anl x dx 


oa an We 
This flux interlinks with only - conductors. 
Thus, 
14.49] ax? dx 
eB ce 
and , 
14.491 
Sher aE |e 
_ eee! 
83 


is the interlinkages of the flux with all 6 conductors. 
Thus, if the flux is considered to be due to 6/ amp.-turns 
acting through conductance, g, and this interlinks with each 


conductor, the total number of interlinkages is 
14.471 A 
61g xX6= AYRE 
whence, 
1447JA _ 0.47A 


TAN ALS © SIS 


The other two paths are entirely outside of the conductors, 
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and hence are acted on by all of the ampere-turns in the slot. 
These conductances are then, respectively, 


G F 
0.40 E and 0.47 iy 


The total effective conductance is then 
A Oa: 
G = 0.4x| 57 + E ot 5 


per cm. length of armature, and the flux per slot is 
¢@ = ING X 2.54l 
A CoE 
= 61 x3.2[/5 +545] 


where I is the effective length of the armature, in inches, For 
both slots and 1 complete turn the inductance is 


OND 2X OX 2 XI Lina Caria 
ei (a 108 leetetol 
Substituting numerical values for the slot and tooth dimensions, 
A = 1,233 B = 0.44 C = 0.213 
D = 1.047 E = 0.51 F = 0.607, 


this inductance becomes 
L, = 449 [0.934 + 0.417 + 0.58] X 10-8 = 867 X 10-8 henrys. 
To this must be added the inductance of the end-connections. 
The flux produced by the end-connections per ampere-turn per 
inch of coil length may be taken as one-twentieth of that in the 
slot. 


It is, therefore, 5) X 3.2 X 1.931 = 0.309 lines. 


The coil divides as it passes out from the slot, so that only 
3Conductors ~=3 conductors are grouped together. There- 
fore there are 3J amp.-turns producing flux 
around each conductor. If the length of the 
end-connections for 1 turn is assumed as 8 X 
diameter per pole, = 8 X 8 = 64 in., the flux 
surrounding each turn is ¢ = 0.309 X 3I Xx 

Fia. 63. 64 = 59.47 lines. The inductance is then 

N 9, 
er S 103 = 2 ae _ f = 59.4 X 107-8 henrys. 
The total inductance is thus 


L=L, + L, = (867 + 59.4) X 10-8 = 926.4 X 10-8 henrys. 


Le 
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The reactance of the short-circuited coil is 
X = 2nf.L = 6.28 X 540 X 926.4 X 10-§ = 0.0314 ohm, 
and the maximum e.m.f, of self-induction is 
Em = IX = 133 X 0.0314 = 4.17 volts. 

To overcome this e.m.f. the short-circuited coil is made 
to rotate in the field of the commutating pole. This field 
has been found to have an average density around the neutral 
— axis of about 8620 lines per sq. in. 

In this case, the commutated coil has only one turn. Thus 
e.m.fs, are generated in one conductor under a ‘north’? com- 
mutating pole, and in the other conductor under a “south” 
commutating pole. These e.m.fs. are similar, and together 
make up the total e.m.f. generated in the coil by rotation in the 
commutating field. The maximum value of this induced e.m.f, 
corresponds to the rate of cutting the flux in the center under the 
commutating pole. 

Consider a small distance, dz, Fig. 64, at this 
point. The flux through the area of width, dz, 
and average length, 11.7 in., of the iron in field 4 
and armature is Fie. 64. 


dé = 8620 X 11.7 dx = 101,000dz. 


The speed of conductors at the armature periphery is rD X 
r.p.s. = « X 48 X 10 = 4807 in. per sec. 
The time required for a conductor to go the distance dz, is 


dx 
ue 4807 
: dp _ 101 ,000dax 
++ induced = JO3gT — ie de = 1.53 volts 
4807 


per conductor, or 3.06 volts per coil. 
This voltage opposes that due to self-induction, leaving 


as a resultant, 
4.17 — 3.06 = 1.11 volts 


acting in the circuit. 

Since experience has taught that two volts potential difference 
can be taken care of by the resistance of the carbon brush no 
difficulties from sparking need be anticipated. . 


CHAPTER XII 


DIRECT-CURRENT GENERATORS IN PARALLEL 
AND SERIES 


Shunt generators operate in parallel without the slightest diffi- 
culty. Generator No. 1 is first started and thrown on the line, 
Generator No. 2 is then brought up to about normal speed, the 
voltage is adjusted and the line switch is closed. Since genera- 
tor and line voltage are the same, no-load is taken by generator 
No. 2. By adjusting the field excitation of No. 2 the generator 
takes the desired share of the load. As its load increases its 
engine slows down, the governor opens and the speed is restored 
to normal, 

Series generators do not operate naturally in parallel. Assume, 
for example, that two series generators are in parallel, each 
taking its share of the total load. Suppose then that for some 
reason the voltage of No. 2 (Fig. 65) 
becomes slightly reduced. Its share of 
the load will fall off proportionately 
and, with this, its field excitation. 
Falling off of the field excitation 
further reduces the voltage and, con- 
sequently, the load, the excitation, 
and so on. The current is reduced to zero, then reversed in 
direction in both the field and the armature coils. The rotation 
of No. 2 remains the same, but the machine now acts as a series 
motor driving its engine. In practice, the rush of current dur- 
ing this period when the counter e.m.f. of generator No. 2 has 
been destroyed is so great that the circuit is opened by its fuses 
or circuit breakers. Series generators are not in common use, 
but this principle of instability in parallel operation applies 
equally to compound generators through their series field 
windings, 

With shunt generators there is no such instability. If the 
voltage of No. 2 falls off, its current likewise is reduced. But the 
effect of reduced current is to lessen the armature reaction, thus 

88 ; 
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bringing up the voltage. The shunt field current is not affected 
since it is derived from the bus bars. 

Series generators and, more particularly, compound generators 
may be made stable in parallel operation by the use of an 
“equalizer bus.” This consists of a very heavy copper connection 
situated, as shown in Fig. 66, between the inner terminals of the 
series field circuits of the two (or more) generators. If, now, 
the voltage of No. 2 becomes reduced to a slight extent, current 
will flow from the + brush 
of No. 1 through the 
equalizer and into the series 
field coils of No. 2, main- 
taining the strength of the 
field of the latter. 

If the two generators, 
in normal operation, do 
not divide the load prop- 
erly in the proportion of their respective ratings, this may 
be corrected by inserting resistance in the series field circuit 
of that generator which takes too much of the load. The 
effect of the equalizer is to put the series field coils always in 
parallel. The voltage across these coils is therefore the drop 
between the positive brushes and the positive bus. The re- 
sistance of the equalizer is so low that its drop is negligible, so 
that the drop across all the series field coils is the same. Putting 
a shunt or diverter around one of the series field coils has no 
effect on the distribution of the load on any particular generator, 
as it affects all the series field currents alike, the proportions 
remaining the same. 

Direct-current Generators in Series.—No inherent difficulty 
is encountered in connecting direct-current generators in series. 
Owing to the limited possibilities of constructing commutators 
that will permit the generation of very high voltages, where 
these are required in direct-current machines recourse is usually 
had to series connection. 

In electric railway work it is the general rule to employ both 
series and parallel connection of the motors to give flexibility 
in speed control. 

The Three-wire System.—Two generators in series afford the 
simplest means of obtaining the three-wire system. This system, 
invented by Epison, was devised to enable the use of large 


Fic. 66. 


90 ELECTRICAL ENGINEERING 


numbers of low voltage incandescent lamps without, at the same 
time, entailing the use of a prohibitive amount of copper in the 
distribution system, As seen in Fig. 67, the voltage of the 
system is 2H, while that across any ele- 
ment of the system is only H. 

There are other ways by which power 
may be supplied to such a system. Thus, 
the source of power may be a single gen- 
erator of voltage, 2H, across whose termi- 
nals may be connected either a storage 
battery, as in Fig. 68, or two small gener- 
ators mounted on the same shaft, called a 
balancer, and shown in Fig. 69. In either 
case the necessary condition is to have available some connec- 
tion point the potential of which is intermediate between those 
of the outer wires. The amount of current actually flowing in 


Fic. 68. Fia. 69. 


either the battery or the balancer set is small in case the two 
sides of the load are reasonably well balanced. 

Another scheme consists in the use of the three-wire generator. 
This is illustrated in Figs. 70 and 71. Fig. 70 shows a bi-polar 
machine constructed by reversing the windings on two adjacent 


Irey, 7Alt, 


poles of a four-pole generator. The potentials of the two 
brushes on the horizontal axis are the same and are midway 
between the potentials of the two other brushes, The object of 
making the machine bi-polar is to give an intermediate inactive 
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belt along the commutator on which a brush may be placed 
without causing disruptive sparking. A better scheme is that 
of Doprowotsky shown in Fig. 71. The armature is tapped at 
two opposite points which are connected, through slip rings, to a. 
“choke” coil, which is simply an induction coil. This coil is 
wound upon a laminated iron core, and therefore is of high in- 
ductance. The e.m.f. impressed upon it is evidently alternating, 
and therefore very little alternating current can flow through 
the coil. 

The middle point of the coil must always be at a potential 
midway between those of the brushes. It may therefore be 
connected to the middle wire of the system. 

The disadvantage of using a battery is that some cells may be 
called on to supply more energy than others. It then becomes 
difficult to keep the battery uniformly charged, and deteriora- 
tion results. 

No such difficulty occurs with the use of balancers. They 
may be small, inexpensive machines, which when running idle 
take only a small current. 

As an example of the use of balancers and the economy of the 
three-wire system, consider the circuit illustrated in Fig. 72. 


36 40 30 20 10 
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The load consists of 40 amp. on the upper branch and 30 amp. 
on the lower. The system is therefore unbalanced. Currents 
and directions of flow are indicated for each portion of the circuit. 
The current in the middle or neutral wire varies, being 10 amp. 
in some sections and 0 in others. Let it be assumed that the 
current required to run the balancer set is 1 amp. which would 
be indicated, if shown in the figure, by an arrow pointing down- 
ward in the balancer set. The current returning to the balancer 
over the middle wire is 10 amp. This current divides equally, 
5 amp. flowing upward in balancer A, combining with its down- 
ward flowing 1 amp. to give 5 — 1 = 4 amp. in A, and 5 amp. 


92 ELECTRICAL ENGINEERING 


flowing downward in B, combining with its downward flowing 1 
amp. to give 5 + 1 = 6amp.in B. Current in A flows similarly 
to that in the main generator. Thus A acts as a generator, 
supplying 4 amp. to the load. Current in B flows in the opposite 
direction; thus B acts as a motor and drives A. The difference 
in current between that in B and that in A is 2 amp., which, 
when multiplied by EF, the voltage across B, gives 2H, the power 
required to drive the balancer set. 

If the generator voltage be assumed as 200 (that is, 2H = 200), 
then the generator output, or rating, if this be full-load, is 
200 X 36 = 7.2 kw. The balancer, A, rating, as a generator, 
is 100 X 4 = 0.4 kw.; the balancer B, as a motor, receives input 
= 100 X 6= 0.6 kw. The line drop from the generator to the 
load is. (40 + 30)r = 70r, where r is the resistance of each of the 
outer wires. The line loss, in transmission, is (40?+302)r 
= 2500r. 

If the entire load were on the two-wire system, the current in 
each wire would be 70 amp., the. line drop, using the same size 
wires, would be 140r, and the line loss would be (2X 702)r 
= 9800r. Comparing the two-wire system, using the same size 
of outer wire, 

drop, three-wire 70 
drop, two-wire eS 
loss, three-wire 2500 


loss, two-wire 9809 eae 


0.5, 


The middle wire, carrying 10 amp., has no effect on the 
total drop between the outer wires. It does have some effect 
in slightly unbalancing the voltage of the two branches of the 
system. Thus, assuming the voltage across the two machines 
of the balancer to be exactly equal, which is very nearly true, 
and taking this voltage as H, the voltage across each branch of 
the load may be found. Across the upper branch it is, 


E — 40r — 10r = E — 50r. 
Across the lower branch the voltage is 
E — 30r + 10r = EF — 20r. 
The amount of unbalancing of the voltage is therefore 


(EH — 50r) — (# — 20r) = 30r. 
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To get a concrete idea of the amount of this unbalancing, let 


the line drop, 70r, = 10 per cent. Then 30r = ep xX 0L= 


70 
0.043 = 4.3 per cent. 

When the load consists of lamps it is necessary that the 
two branches shall be sufficiently well balanced to prevent 
excessive variation in voltage. This is usually very easily 
accomplished. 

The middle wire adds, directly, a small amount to the line 
loss. In this instance, the loss in this wire is 102r = 100r. 

The total loss in the system is therefore 2600r, and the ratio 
600 
9800 = 0265; 

Where the percentage line drop or the percentage line loss is 
specified, and must be the same with either system, the ad- 
vantage of the three-wire system is in the saving in the cost of 
copper. On that basis, let the calculations as already carried 
out for the three-wire system be assumed as fulfilling the re- 
quirements, that is, 


of losses of the two systems is 


Line drop = 70r. 
Line loss (two-wire) = 2500r. 


The two-wire system, to give equal line drop must be com- 
posed of wires determined by the equation, 


20 <r = "7 0F, 


where 7’ = resistance of one wire of the two-wire system, and 
r, as before, is the resistance of one of the outer wires of the 
three-wire system. Then 


and each wire of the two-wire system will be twice as large as 
each outer wire of the three-wire system. Assuming the middle 
wire equal to the outer wire, the two-wire system will require 
four-thirds as much copper as the three-wire system. 

Since, however, the variation in voltage is felt by all the 
lamps on the two-wire system, while on the other system ap- 
proximately one-half the variation in voltage is felt by each 
branch, it is more reasonable to calculate on the basis of equal 
percentage drop in the two systems. 
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? 70r B 
Percentage drop, three-wire, = on™ 35 
2 < 70r’ r 
BONG 37 35 E 
ie | ee) 
7, 140 sais 


For equal percentage drop, therefore, the two-wire system 
will require eight-thirds as much copper as the three-wire 


system. 
On the basis of equal power loss in the outer wires, 
9800r’ = 2500r, 
r’ 2500 : 
“> = 9899 = 0-255. 


Adding the middle wire, equal to an outer wire, the two-wire 


system will require = 2.61 times as much copper 


0.255 + 0.1275 
as the three-wire system. 


Problem 31.—What saving in copper does the three-wire system give 
over the two-wire system, when the load is balanced, on the basis of (a) 
equal percentage line drop, (b) equal line loss? 

1. Middle wire equal to outer wire. 

2. Middle wire one-half of outer wire. 

3. Show that with a balanced load no current flows in the middle wire. 

Problem 32.—One hundred 60-watt tungsten lamps are to be supplied 
with power at 3 per cent. line loss. The line length is 600 ft. Lamp 
voltage is 120. The neutral wire is to be one-half the cross-section of 
each outer wire. 

Find the size of the required wires, and show that the weight of copper 
is approximately 190 lb. Show that on the two-wire system 610 lb. would 
be required. 


Feeder 


bO-O? 


Trolley Wire 


[aaa 
QO O® 
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Boosters.—Generators are frequently connected in series for 
the purpose of regulating the voltage and equalizing it along a 
line in which there is considerable voltage drop. 

Fig. 73 shows a simple arrangement of a street railway circuit 
in which a booster is used. The generator, G, supplies power 
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to the system, including that delivered directly to the car and 
that used in driving the motor M. The motor and booster form, 
usually, a directly connected set. One terminal of the booster is 
connected to the trolley wire at the station, the other is con- 
nected through a heavy feeder to some distant point on the 
trolley wire. 

As an example of the effect of using a booster, consider the 
following: 


Problem 33.—A trolley line 3 miles long is supplied with power by a 
generator at 600 volts. The trolley wire is of No. 00 B. & S. wire, having a 
resistance of 0.4 ohm per mile. The rail return has a resistance of 0.05 
ohm per mile. A feeder, consisting of three No. 0000 B. & S. wires, of 
0.087 ohm per mile, extends from the station to a point 2 miles distant, 
where it connects with the trolley wire. The booster voltage is maintained 
at 40. Find the voltage on the car as it proceeds from the distant end of 
the line toward the station, assuming that the current taken is at all times 

200 amp. 

' Solution.—It will be of interest, first, to determine the voltage on the car 
at the distant end when the booster is 
disconnected. A 

Drop in the trolley wire is 200 X 0.4 40 
X 3 = 240 volts. i 200 Amps. 

Drop in rail = 200 X 0.05 K 3 = 30 60V. 
volts. en 

.. Voltage on car without booster = Fic. 74. 

600 — 270 = 330. 

This is to illustrate the necessity of doing something to improve the regu- 
lation of the line. With the booster connected, the problem becomes one 
for the application of KrrcHorr’s laws. 

The circuit is represented diagrammatically, in Fig. 74, for the case of the 
car at the end of the line. Arrows indicate arbitrary directions of flow of 
current. Let the voltage on the car be denoted by £. 

By Kircuorr’s laws, 


a1 + 42 = 200 
and 
40 — Velo + an1 = 0, 
whence, eliminating 7, between the equations, 
200r,; + 40 
m1 +72 
r, = 0.4 X 2 = 0.8 ohm 
rT. = 0.087 X 2 = 0.174 
0.4 
= 0.05 X 3 = 0.15 


V2 


2 3 
o ao 
Al 


Substituting values, 
200 X 0.8 + 40 


iseer( Bl 14 
4, = 200 — 205 = — 5 amp. 


= 205 amp. 
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The equation of the mesh composed of the generator, 71, 73, Z and 79 is 
600 = wri + 200r3 + # + 2007». 
Substituting values and solving for E, 
E = 600 + 4 — 80 — 30 = 494 volts. 


Thus, there is a total drop of 106 volts instead of 270 volts without the 
booster. 

Now let the car be at the point, O, where the feeder joins the trolley wire. 
Evidently the same equations hold, and iz = 205 amp., 71 = — 5 amp. 


7) is now 0.05 K 2 = 0.1 ohm. 


The mesh equation is now 


600 = tri + EF + 20070. 
.. H = 600 + 4 — 20 = 584 volts. 


When the car is at a point 1 mile from thé generator, the current and 

voltage equations are: 
41 + %2 = 200 
and 
- r Ste 
40 -aa(r +3) $a 3 = 0. 
Solving for 72 gives 
tg = 123 amp. 


and 
41 = 200 — 123 = 77 amp. 


The mesh equation of voltage is 
600 = ir 5 + E + 200r, 
where 7 18 now 0.05 ohm. 
‘. HE = 600 — 31 — 10 = 559 volts. 


Thus, it is seen that, by this simple connection of the booster to a point 
chosen more or less at random, the voltage has been rendered much more 
nearly uniform than it would be without the booster. 

Problem 34.—As a further study of the booster problem, consider that in 
the above case the feeder is to be connected to the trolley wire at two points, 
namely, at 1.5 and 2.5 miles from the generator. 

Find the voltage on the car at each half-mile point, and plot against 
distance from the generator, 


CHAPTER XIII 
DIRECT-CURRENT MOTORS 


If two shunt generators connected in parallel supply power to a 
certain load, as in Fig. 75, the division of the load between the 
generators will depend upon their respective degrees of excitation. 

By weakening the field of No. 1, it will take less of the load 
until, by continued weakening, it takes none at all and finally 
receives current from No. 2, thus being run as a motor. 

With a change in direction of flow of current in the armature 
comes a change in the direction in which the armature tends to 
rotate due to its current, the direc- 


tion of the field remaining constant + 
in shunt machines. 
As a generator the rotational force 


of the armature is counter to the 

actual direction of rotation which is 

due to the driving engine. However, 

the actual direction of rotation does not change when the 
machine ceases to act as a generator and becomes a motor. 

With the series generator, reversal of the armature current 
also reverses the field. To obtain a generator action from a series 
motor, therefore, requires reversal of rotation. 

It has been shown that, with generators, a forward shift of 
the brushes increases the armature demagnetization. 

With a shunt motor the armature currents are reversed, the 
armature ampere-turns are reversed, and the effect of the arma- 
ture, in shifting the resultant flux, is consequently reversed. 
Therefore, the brushes of a motor require to be given a backward 
shift. The effect of a backward shift on a motor, like the for- 
ward shift on a generator, is to increase the armature demag- 
netizing ampere-turns. 

With direct-current motors, the impressed e.m.f. is the sum of 
the counter e.m.f. and the zr drop. 

Thus, the fundamental equation is 

li = E; + ar 
7 97 
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where E = impressed e.m.f., 
F;; = counter e.m.f., 
4 = current, 


and 
r = resistance of armature, brushes, etc. 


The generator equation (20) also applies to the counter e.m_.f., 
since the counter e.m.f. is the generated e.m.f. of the motor due 
to the rotation of its armature conductors in the field. 


where 


Substituting this value of F;, 


E = kfo + ir (24) 
whence 
E— 1 
f = frequency. To transform frequency to speed, 
pe hd EL oes 
= CE Sb) 


where 
p = number of poles. 


For ordinary operation, 


f= Loe roximatel 
kg 2PP ately. 

-There are three ways of changing the speed of a direct-current 
motor: (1) by changing E, the impressed voltage; (2) by changing 
¢ by means of a field rheostat; (3) by changing ¢ by shifting the 
brushes. 

Shifting the brushes is not an effective means of speed regula- 
tion since it introduces trouble from sparking at the brushes, 

Types of Direct-current Motors.—The principal types of 
direct-current motors are known as shunt, series, cumulative- 
compound, in which the series and shunt turns act in the same 
direction, and differential-compound, in which the two field 
m.m.fs, are arranged to oppose each other, 
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Speed Characteristics of Direct-current Motors.—These are 
curves between speed and load, the latter being the independent 
variable. To determine the effect of load upon speed, in the case 
of shunt motors, it is seen from Eq. (25), 

— ir 


E 

f = k ob 
that an increased ir drop tends to reduce the speed. It has also 
been shown that ¢ is reduced by armature reaction, in pro- 
portion, roughly, to the load. Therefore, for shunt motors, the 
relation between the armature reaction and the ir drop will de- 
termine whether the motor will speed up or slow down with an 
increase of load. In general, if the magnetization of the field 
extends above the knee of the saturation curve, the motor will 
‘slow down, while below the knee the motor will speed up. Evi- 
dently, a degree of magnetization might be obtained which would 
result in practically constant speed. 

The cumulative-compound motor slows down with increase 
of load, since the effect of the series turns is to strengthen the 
field. 

The differential motor speeds up 
with increasing load, due to the op- 
position of the series and shunt field 
m.m.fs, 

The series motor speed is governed 
almost entirely by its field, which is 
nearly proportional to the load cur- 
rent. At light loads, the speed be- 
comes high and the operation of the motor is unstable. In Fig. 
76 is shown a set of speed characteristic curves, 

The student should be able to establish the general ‘speed 
equations and derive curves for each type of motor. 

Power and Torque.—Power input to the motor is obtained by 
multiplying Eq. (24) by 7, thus 

W,; = Hi = Egt we = kfet + 2?r. 

In this, equation Hy represents the output of the motor in 
mechanical work, including bearing friction and windage; 2?r is 
the power lost as heat developed in the armature. 

Expressed in horsepower, the output is 


Eu 
Hp. = 746° 


? 


Diff, Comp. 


Speed 
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Horsepower may also be expressed as 


where R 
n 

F 

20n 


and RF 
Thus 


and 


Hpsene 


= radius of armature in feet, 

= revolutions per minute, 

= force in pounds on the armature conductors. 
= w = angular velocity, 


= T = torque. 
746 33,000’ 
_ 33,000 Bit 
~ Irn X 746 
But output is also, by (24), kf¢z. 
_ 33,000 kfi, 
~ 2rn X 746 


Also, since f = 


oT where p = number of poles, 


33,000 kp@i ee oner ye? 
T= on X 746 X 120 ~ 0.0587 kp¢t = k’ dr. 
: : At 
This expression may be reduced still further, since k = 08 


where t = number of turns in series on the armature. Thus, for 
a motor of p poles and ¢ turns in series, 


T = 0.2348 tpi X 10-8 ft.-lb. 


Torque Characteristics—From the above equation of torque 
it is possible to construct curves showing torque variation with 


Torque 


load current. It is necessary, however, 
to be able to find the value of ¢ in 
each case. With shunt motors ¢ is 
nearly constant, and torque is therefore 
nearly proportional to current. With 
series motors ¢ increases with 7, and 
torque therefore goes up as the square 


Current 


ma. 77 of the current, approximately.! Fig. 77 
gives a set of torque characteristics for 
the four types of direct-current motor. 


1 When the field core becomes saturated, increase of current does not 
produce much increase of flux. Under heavy loads, therefore, the torque of 
a series motor increases more nearly in direct proportion to the current. 
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Problem 35.—Direct-current motors and generators being entirely 
similar as respects fundamental equations, armature reaction, etc., it is 
thought best to submit to the student the problem of the direct-current 
shunt motor instead of presenting it here in detail. Let the generator 
whose design was worked out in Chap. X be now considered as a shunt 
motor. The series turns will then be disconnected. With 250 volts im- 
pressed on the armature and maintaining constant shunt field amp.-turns 
of 7500, let it be required to calculate the speed and plot its values against 
those of the load current. 

Choose current values of 0, 1000, 2000, 3000 amp. Assume a constant 
brush shift of 15°. 

The fundamental speed characteristic, Eq. (25), has been found to be 


E —ir 
cca. 
number of poles * r.p.m. pn 
wees ie 2 CO mma mean 120) 


E = impressed voltage, 
r includes both armature and brush resistance. 
At 
— 108” 
where ¢ = number of turns per pole on the armature and ¢ is the flux cutting 
the armature conductors. For this last it is sufficiently exact to assume 
¢ at load amp.-turns at load _ 

¢at no-load  amp.-turns at no-load 
(See armature reaction, Chap. X.) 

Problem 36.—The same problem as the preceding should now be worked 
out, using (1) FE = 270 volts, (2) EH = 220 volts. 

Question.—What, in general, is the effect on shunt motors of increasing 
or lowering the terminal voltage, as regards (a) speed, (b) torque, (c) output, 
(d) efficiency ? 

Problem 37.—Let the above motor be calculated as a differential-com- 
pound machine, the series ampere-turns to be so adjusted as to give the 
same field strength at full-load as at no-load. 

Plot speed vs. armature current for impressed voltage H = 250. 

Problem 38.—Same as 37 only the motor is to be connected as cumulative 
compound. 

Problem 39.—If, now, the entire field strength were determined by the 
series turns, so that at full-load there should be 10,427 series amp.-turns,! 
calculate and plot the speed for variation of load. 

Series field circuit resistance may be taken as 0.00134 ohm. 

Problem 40.—In problems 35, 37, 38 let the speed be maintained con- 
stant by variation of the shunt field current. Let this speed be that of the 
shunt motor at no-load (# = 250). 

Plot curves between field current and load current. 

Problem 41.—Show how to obtain constant speed by shifting the brushes, 
and work out numerically, as far as possible, the case of the shunt motor. 
Plot a curve between degrees of brush shift and load current. 


1 Same as required for the generator at full-load, Chap. X. 


CHAPTER XIV 
THEORY OF THE BALLISTIC GALVANOMETER 


This particular type of galvanometer is of importance in 
magnetic measurements, especially in the determination of the 
hysteresis loop. 


It consists, usually, of a coil of 
TOS fine wire freely suspended between 


N 2 the poles of a magnet, and sur- 
ey, rounding a fixed steel cylinder, as 
illustrated in Fig. 78. 


It has been shown that the force 
exerted on a wire carrying current, 
when placed in a field perpendicular to the lines of flux, is 
F = Bli dynes, 
where 7 is current in abamperes, lis length of wire in centimeters 
and B is flux density in lines per square centimeter. 
If the wire is one side of a rectangular loop, then the turning 
couple of the loop is 


C = 2pBli dyne-cm. cote 
When the loop is displaced by an angle, Bese 
6°, from the direction of the flux lines (Fig. AS 
79), the couple is J 


C, = 2pBli cos 6 = ABi cos 8, 
where A = 2pl = area of the loop. 
When the current is sent through the Fic. 79. 
loop, the action of the couple produced is 
to turn the loop through an angle, 6. In order to oppose this 
action, a spring is so attached to the loop as to introduce an op- 
posing couple, k#@, which balances the swing of the loop. Then 


ké@ = ABi cos 0 


Fie. 78. 


0 


Force 


and 
ig ke 
~ AB cos 6 
where k is a constant of the spring. 
102 
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For small angles, 9 = sin 6. Substituting this, 
k sin 0 k; 
AB cos 6 AB 


Thus, the current in the loop is directly proportional to the 
tangent of the angle of deflection; hence, the “tangent” 
galvanometer. 

For small angles, also, 6 = tan 6. 
ko 
AB 

Thus, the galvanometer may be used as an ammeter’ to 
measure directly the current, so long as the angle of deflection is 
kept small. 

In the ballistic galvanometer the moving part is designed 
to have much inertia, so that its natural period of vibration 
shall be long in comparison with the time of change of the flux 
to be measured. Thus, a change of flux, produced in a sample 
of iron under test by altering the number of ampere-turns on 
the iron, will take place before the loop can move, that is, while 
6 = 0 and cos 6 = 1. 

The couple on the loop is then 


C = ABi, 


which causes the loop to accelerate. 
Therefore, ABi is the couple of angular acceleration, and 


— tan 6. 


O = = k16. 


ABi = I, «, 


where Jy) = moment of inertia of the moving element, and w = 


angular velocity. 
But dt is the quantity of electricity flowing in any time, dt. 


Therefore the total quantity 


Q= fia= 4 fe { do = eee (26) 


where wo is the final velocity attained. 
The deflection is, however, limited by ké, the torsion of the 
spring. The work done in overcoming this torsion is then 


W = kode = 161 ow? 
0 


where 6) is the maximum deflection. 
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Solving this equation, 


ae = Pa bea 
A = pl 
But by (26), 
QAB 
Wp Ts . 
Substituting this value of wo, 
QAB 


6 ae 


aT i. 


whence, 
6 — 
Q = aR VI (27) 


In this equation all terms are constant except 60, the maximum 
deflection of the loop. 

If, now, the change of flux is d¢ in a time df, the e.m.f. induced 
in the coil surrounding this flux is 

N dod. 
108 a = 
where N is the number of turns of the coil, r is the resistance 
of the circuit, and 7 is the current set up in the circuit. 

Then, transposing, 


eé = 


The total quantity of electricity set flowing by the change 
of flux is then 


Q 


\| 
= 
| 
xe 
X |e 

= 
— 
Saco 
6 


whence, from (27), 
Qr X 108 Br X 10®°VIok 
N Z ABN 
is the maximum value of the flux. 
There is thus a direct relation between flux and maximum 
deflection, and 4 is therefore a measure of the flux. 


‘In applying this theory to experiment it is necessary to take into ac- 
count the damping of the coil which prevents the full deflection of the coil 
from actually being attained. 


om = 


CHAPTER XV 


VECTOR REPRESENTATION OF ALTERNATING- 
CURRENT WAVES 


In Chap. VIII the graphical relationships of the waves of 
voltage and current in an alternating-current inductive circuit 
have been developed, and the values and meaning of average 
and effective values of a sine wave have been discussed. 

The waves of Fig. 37 may also be represented as vector pro- 
jections of their maximum values on the vertical axis, as shown 
in Fig. 80, Since « = J,, sin @ the length of 
the current vector is taken as J,, and the 
value, 7, at any instant, is the vertical pro- 
jection of J,, as it uniformly rotates, at speed + 7 
2rf about the origin. The vectors all have Fre. ih 
the same speed of rotation so that their re- 
lations to each other are constant. Hence their position in 
space at any desired instant may be chosen. Let that instant 
be when @ = 0, in Fig. 37. Then i= J,, sin @ = 0, and I,, 
must be laid off horizontally. rJ,, the maximum value of the 
e.m.f. consumed by the resistance, since it is in time-phase with 
In, is also laid off horizontally; «J,,, the maximum value of the 
e.m.f. consumed by the inductive reactance, x, is 90° ahead of 
Im, and is therefore laid off vertically upward. Thus z/,, 
is positive maximum when [,, is at zero, becoming positive. 
rl, and xl, may now be added vectorially, giving Z/,, or 
E,, which is the maximum value of e. EH, is seen to be placed 


Ix Iz 


at an angle a ahead of J,,, such that tangent a = Wye 


This relation is also of fundamental importance. The numerical 
value of £,, is obtained by the relation 


By = V Tait + Init? = In Vr + 2 
The quantity /r? + x? is called the impedance and is denoted 
by the letter z. 
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Problem 42.—Draw the vectors of e.m.f. and current of problem 28, 
Chap. VIII, and show that the angle of lag of current behind e.m-f. is 
38° 40’. 

In the representation of waves by vectors, the vectors are not, 
in reality, moved, but their relative positions in space are con- 
sidered. Since no rotation is required, they may therefore be 
drawn in length equal to their effective values, and this is the 
common method of representation. 


Also, since (Im@)? = (Imr)? + Int)? (28) 
2? = 7? + 2? (29) 


and the vector relationship holds for (29) as for (28). There 
can be constructed what is known as the im- 
2 pedance triangle, Fig. 81, in which a = 7, b = 


a,c =2, and tana=—7 = 


Thus, 
Fig. 81. 
Yr = 2 COS a, 


x=zsina. 


Substituting these values in (19), e = I,,(r sin @ + 2 cos 6), 
gives, 
e = I,,z(sin @ cos a + cos 6 sin a) 
= [,z sin (0+ a), 


or, substituting for 6, its equivalent, wt, 
e = I,,z sin (wt + a), (30) 


in which wt is a variable angle depending on ¢, and a is a constant 
angle determined -by the relative values of « and r. Eq. (30) 
shows that e, like z, is a sine wave quantity, but that there is a 
constant angular or phase difference, a, between them. a is 
called the angle of lead or lag, depending on whether it is posi- 
tive or negative. 

The relations indicated in Fig. 81 may also be expressed by the 
notation of complex quantities. 
Thus, 

c=a-+ jo. 


The addition of the letter 7 to the equation simply means that 
the quantity, b, is to be drawn vertically upward. If it were 
— j, 6 would be drawn vertically downward. A dot is put under 
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c which means that c is dealt with as a vector quantity. Without 


the dot, the scalar or numerical value of c, only, is meant. 
Thus, 


c= VJ a2 + b?. 


Problem 43.—Show graphically that 3-j3 is a vector of length 4.24, 
which makes an angle of — 45° with the horizontal axis. Show that a vector 
of length 12, at angle 120°, is represented by the expression, —6 +7 10.4. 

Calculate and draw the following vectors: c = 3 —j2,c=4+ j,c = 


—2 + 93,c = — 4-72. 


j also means a rotation of 90° in the positive or counterclock- 
wise direction. If the vector, a, is multiplied successively by j, 
several times, its direction is shown as follows: 


Vector Angle 
Cis t pt oh OPSI Eko EEO OSTEO Se CRS CCE Naey ooRm e ge a 0° 
SEB 60 Sig pb PERROTT OCR REIS CAT ROR Tee Meret 90° 
fob SF a1 Gho a Bc Ath co AERO Ire RGN oS cr cotter ARG CS eer TS 180° 
TG. SS Tic etka wore Caserec ange oicae ie PO OEE EO LCI 270° 
THER SOD Re terp- Goo LOA Chas 6 ROR Tan CE A ee BORON PORT? 360° = 0° 
Thus may be written, 

ie i 1, 
whence 

j =VAT1. 


or, j is identical with 7, used commonly in mathematics to denote 
imaginary quantities.! 
If it is desired to rotate a through 30°, we can write 


a = a cos 30° +7 asin 30°. 


wo 
. . ° 
To rotate a° correspondingly, Npeol 
© : 5 ° @ Cos 30° 
a=acosa +jasina 
J , Fia. 82. 


= a (cos a& +7 sin a’). 


Suppose a is first rotated 30°, then 60° more. Thena = a(cos 80° 
+ j sin 30°) (cos 60° + 7 sin 60°). 
Problem 44.—Prove that this double rotation results in 
a =ja 
Consider the simple case of alternating current in an inductive 
resistance, Fig. 83, where current, J, resistance, 7, and reactance, 


1 In electrical engineering 7 is used instead of i, because 7 is used to denote 
current. 
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x, are known. J is chosen as the zero vector. Then J =%: 


Frequently it is well to choose as the zero vector, or vector drawn 
at 0°, some known quantity. In order to determine the positions 
of the vectors of electromotive force, etc., with respect to the zero 
vector, there are two rules, previously brought out, which are 
important to remember: 

Rule I.—The e.m.f. consumed by resistance is in time-phase 
with the current, and in the same direction. 

Rule II.—The e.m.f. consumed by inductive reactance is in 
time-phase 90° ahead of the current 

By these rules may be drawn the vector diagram, Fig. 84, in 
which the vector sum of iz and zr is 7z, which is the total electro- 
motive force consumed. 


Fia. 83. Fic. 84. 
This electromotive force consumed, or vector H, numerically 
equal to iz, is represented by the relation 
E=iar+jix =ir+ jz). 
The impedance is thus expressed as r + jx, and it is a vector of 


magnitude z = +/r? + 2?, and the angle between the impedance 
and the resistance is defined by the relations. 


zcosa=r 
and 


318 


tan a = 


The e.m.f. consumed in the circuit is, in general, 
H = 1% = G+ ji) (7 + je). 
The current may or may not be chosen as the zero vector. If it is 
sochosen,I = 7. Ifnot,thenJ = 7 + ji’, where 7’ is the wattless 
component of the current. 
The impedance is always z = r + je. 
Assigning positive or negative values to the wattless component 
a’, we may write, in any case, 
Deis 
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It should be remembered that a leading component requires a 
+ sign, and a lagging component requires a — sign. 


Therefore, BE=1Z=(+ jr’) r+ jz) 
aye + jr + ix) Gi) 
If the current is taken as the zero vector, then 
TESTU se) (32) 


In the general expression (31), an arbitrary zero line is chosen, 
as in Fig. 85. In the simpler case (32), the direction of J is 
chosen as the zero line, whence J = 7 and 2’ = 0, and the vector 
diagram becomes that of Fig. 86. 


ar 


TGs SG: 


Problem 45.—One ampere flows in a circuit of 1 ohm resistance and a vari- 
able reactance. Plot curves of Jr, Iz, Iz drops and phase angle against z, 
when x varies from Oto 5 ohms. Take J as the zero vector. Then] = 


G = ik 
Solution.— 
ee x 
te= eer ear ls 2 = Vr? + 2; tan a = — 
Tabulating: 
© 0 0.5 1 2 3 i 5 
iby cea ate tract 0 ORS | 
Zits Ice eto 1 iL, 
1z 1 i, WA 
Sere et, 0 0.5 
r 
ENS. Ones neneaere 0 OS? Bay, 


The blank spaces may be filled in by the student. 


Consider the same case, Fig. 83, but with H known and I 
unknown. J, then, may conveniently be chosen as the zero 
vector, and 


€ e et) (33) 


Part je © + jay — in) 
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The last expression of (33) is obtained in accordance with a third 


rule, as follows: 
Rule III.—Never allow an equation to remain with a complex 


denominator. Thus (33) becomes 


OLE Ieee 4 
Westeergruerey fa kA eld. (34) 
where 
r x 
flea SRS opr Sea 05) “heme (35) 


g + jb = Y, is called the admittance; g is called the conductance, 
and b the susceptance of the circuit. The diagram of currents 
may now be drawn to correspond with 
Fig. 87, for e.m.fs., in which eg is the com- 
ponent of the current in phase with e, that 
is, it represents energy expended, and —eb 
is the component 90° behind e, called the 
reactive or wattless component because 
it does not represent any expenditure of 
energy. 

The power input to the circuit is then 


eg 
é 


eb eY 
Fig. 87. 


Power input = e X eg = eg, 
and this is found equal to [?r. 
The numerical value of the current = J = e/ 9? + 62, 


Problem 46.—Let H = e = 1; x = 1; r varies from 0 to 10. Plot curves 
of f vs. 7, and Jr vs: 7. 

Calculate the maximum value of the power loss and find the value of the 
resistance which gives the greatest dissipation of power. 

Plot the 3 current waves, that is, the power current, eg., wattless cur- 
rent, eb, and total current, ey, for the condition of maximum power loss. 


Solution.— 


e 1 1 
Bm 6 lige ee ee 
A/ 9 oot A ett) 2 

r x 1 

Gs De een ea 


Tabulating: 
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e2 
Power, Wiest he ek at 
CL [oe wie cela 
dr ~ | 2 Fa)? | 7 @P +98)? 
: dw . 
For maximum power aes. - ge ee (0), aiel esa 5 GS Al 


1 
COMA ath ae = 0.5 watt. 


To get current waves for maximum power loss, then 


Te eae Ze — at Ale 
e e(r—jx) er 5, OB : 
Sar pi oe 710d 7d uso) 


where g= a and b = — ae 


The effective values of current are, therefore, 
eg = 1 X 4 = 0.5, in phase with e, 
jeb = + jeF, =- 1X14 = — 30.5, or 0.5, 90° behind ¢, 
eg +jb) =eY = 7 WE = 0.707, lagging behind e, by an angle tan~? 
=" = 45°. 
r 
Maximum values are Em = 1/2E = 1.41, 
(Eg)m = 0.707; (Eb)m = 0.707; (EY) m = 1. 


Circuit of Resistance in Series with an In- 
ductive Impedance.—The impressed e.m.f., 
E, of the circuit is known, also the resistance, 
r, and impedance, Z; = r1 + jx: (Fig. 88). # 
is taken as the zero vector. Then, 


Fig. 88. 
e€ e€ e€ . 
= = = = 5 = b 
: Diy AN edhe a RE ae | Cedia nn Ea My ee 20): 
where 
To f V1 . Z 2 2 2 
Op = Zor? b= — Zo’ 0”? = To? + Xi 


and7p5 =rt+y7ri. 


The drop across the impedance, Z,, is 
aoe eee 1g Ua ase J 4) 
e(gri + jgt1 + jbri — 621) 
e(gri — ba, + 7(ga1 + bri) 
e€(do ai jbo), 
where do = gri — 621; bo = gai + Ori. 
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Problem 47.—In the above circuit, Fig. 88, let H = 10, r = 1, 11 = 0.5, 
vy Pe, 

Draw the vector diagram and waves of e, #, and J. 

Circuit of Two Inductive Impedances in Parallel—Let H, Z,and Z2be 


known (Fig. 89). To determine J, J; and J». 


We have: 
qi = eV, I, = eYe, 
T=; aril = eYi-+ Y-). 
oF : ; : : 
Ty = e(gi + joi), 
Iz = e(g2 + jbo), 
I = eit gz + j(bi + b2)) = eG + 4B); 
where 
ry Te 
ea ae a, 
X Xe 
bh = — A be = — a? 
G = gi + 92, B= bi + bs. 


Tan a = Tee gives the phase relation of J and e. 


Problem 48.—In the circuit of Fig. 89, let H =1, r; =1, x = 0.5, 
Tt, = 2, ty = 2. 
Draw vector diagrams and waves of H, Eg, Eb, and I. 


CHAPTER XVI 


THE SYMBOLIC METHOD IN TRANSMISSION LINE 
CALCULATION 


KENNELLY AND STEINMETZ have introduced the so-called 
symbolic method of representing electrical relations. 

This method is neither vector analysis nor quaternions, but 
is in many ways similar to both. It enables the use of simple 
algebraic transformation when dealing with vector quantities of 
the same rate of rotation or frequency. Thus, it is directly 
applicable when, for instance, multiplying a current by an 
impedance, since the resultant e.m.f. is of the same frequency as 
the current. But when multiplying current and e.m.f., it is 
applicable only after some modification, since the product 
represents power, which is a vector of double frequency. 

Addition.—Let there be two vectors, 


a, + Jae, and b; + jbo, and let their sum be a vector C. 
Then, 
C = 41 + Jao + b1 + jbe = a1 + 61 +7 (G2 + be) = C1 + Jee, 
where 
Cy = a, + by and ce = ae + de. 


Multiplication We have, evidently, 
(ay =F Ja2) (bi aia joe) = ayb) — debe + 7(aib2 + bide) = di + jde, 


where 
dy = a,b; — Gabo; dy = aybe + bio. 


In general, if a; + jaz = 6; + jbo then a; = 6; and a2 = be. 
Power.—At any instant, 


p=, 
where e and 7 are instantaneous values of voltage and current. 
In the case of sine waves, where e = E,, sin wt and 7 = I, sin 
(wt + a), 


p= ev = HI, sn we sin (wt - a). 
8 113 
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Problem 49.—Plot waves of voltage and current, and by multiplying 
their values at certain instants along the curves show that the resulting 
power curve is a sine wave of double frequency. 


Let Em = 1.4, The = hy 
()ra=) 02 (2) @ =)45° (3) a = 90°. 
Fig. 90 shows the curves plotted for the case of a = 0°. The 
energy developed in the circuit, in any time dt is pdt. The total 
energy during a cycle is then { a 


e pdt, where T is the time of one 
Lm. IJ)», complete cycle. But this is the 
Zo dl Mr Soe TG by the power curve 
See 7) and axis, shown shaded. As the 
values of power are always posi- 
Fia. 90. tive, the area represents energy 

expended, or work done. 

The student should show that when a is not 0, there is also 
negative power, which represents energy returned to the source, 
the total energy expended during a cycle being the difference - 
between the positive and negative areas enclosed by the power 
curve and the axis. 

Average Value of Power during a Period.—This will be, 


1 1 
raha 
1 te 
— { Elm sin wt sin (wt + a)dt, 
T Jo 
which, the student should show, is 


B 


I 


P= Emm COS a. 


2 
This may be written 


Em 1s 
Pa 2/8 cosa = EI cosa (36) 


where # and J are effective values as usual. 

Thus the important result is found, that, in 
case of sinusoidal current and voltage waves, 
the average power is equal to the effective 
value of the current times the effective value 
of the voltage into the cosine of the phase 
angle between the two. This is illustrated in Fig. 91, and it is 
seen that when I is zero vector = 1, P = EI cos a = el = ei. 
Similarly, when £ is zero vector = e, P = Hi = ei. 
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Power is obtained by multiplying either quantity by the pro- 
jection of the other upon it. 

In general, if H makes an angle y, and J an angle 8 with the 
Zero axis, 


where a=6—y, 
Therefore, Bey. 
P = EI cosa = EI cos (6 — y) 
= KI (cos B cos y + sin B sin y) (36) 
But cos B = 2 COs 7 2= a 
. )! O 4 
snp = 7; siny = FF | 
Substituting these values in (36) 
P = ci +e’ | (37) 


which is the general expression for the average power. 
Example.—Let H = e + je’ 
L=4+ 90. 
Then by (37) R=¢ + e’1’. 
Suppose, however, that we carry out the 
multiplication of the vectors. Thus, Fig. 92. 


EL = (+ je)@ + it’) 
= et — e't’ + jer’ + eZ). 
The numerical value of this expression is 
Nei — ei’)? + (e% — et’)? 
which is obviously not the same as (837), neither is its real com- 
ponent the power, since it has a minus sign. 
It has been shown in Fig. 90, that power is a quantity of double 


frequency. It can therefore have no phase relationship with 
E or I. Hence, in the case of power or any double frequency 


quantity, the operation of multiplying single frequency quanti- 
ties is inadmissible. 
On the other hand, it is known that the product 


(i — ji) @ +52) = E 


is quite correct, since the fundamental frequency only is involved. 
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The operation of obtaining the power from two vectors 
E and I, is called “‘telescoping”’ the vectors. Thus, the prod- 
uct of the “real” components is added to the product of the 
‘Imaginary’? components, without any change of sign due to 
the presence of 7. 

Power Factor.—In the expression for power (36) the term 
cos ais called the power factor. The product EJ represents true 
power only in certain special cases, particularly with direct 


currents. 
true power 


apparent power 


Power factor may be defined as the ratio 


where apparent power = EI. 
ET is also called the volt-amperes. 
Since EI cos a is the true power, 


power factor = pf. = a8 8 


= COS a. 


Transmission Line Calculation.—The calculation of circuits 
may now be continued to include the case which represents a 
simple transmission line possessing concentrated resistance and 
inductive reactance, being supplied with power at one end by a 
generator, or source of alternating 
current, and terminating at the other 
end in any prescribed load. <A cus- 
tomer usually desires constant volt- 
age, HL, at the load. 

In Fig. 93 is shown a generator 
supplying power over a transmission line of impedance, Z = r 
+ jx, at voltage Ey to a load, the current of which is 7 + j7’ 
at voltage H. HH and 7 are in time phase; FE and 7’ are in time 
quadrature. 

(1) Let # be known, and be taken as the zero vector, = e. 
Then, the voltage at the generator terminals, 


Fia. 93. 


By =e+15 =e+ +i) (r+ 5x) 
6 har re tet 
=e+tiwr—ve+jie+r) =a+ jo, 
where 
a=e-+ir— 72, 


b =ix+1'r. 
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The power factor of the load, cos a = 


Ten 
elena y 
Generator volt-amp. = IE). 

Power of Generator.—P, = EI cos y, where y is the angle 


between Hy and J. 


Vector re‘ationships are shown in Fig. 94: (a), for leading 
and (6), for lagging current. In the first case 


y = a — B is the angle between Ey and I. 


.. Cos y = cos (a — 8B) = cos a cos B + sin a sin B. 
a : a 
But cos a = LP and sn @ = = 


I Iz Eo 
Pah Tae a ae Te 
Likewise, cos8 = = and sin8 = =: a ee 
Eo Eo E 
1 
os en hy a 
IE) In 
Substituting this value into the  /~~>,/« E, 
equation for power of generator, a 
Py = Eol cosy = 1a + 7b. /,. oe # 
Py) could be more quickly obtained (d) 
by simply telescoping the vectors a vars 
+ 7b and 7 + 7’. 
power Po 


fact h = = . 
Power factor at the generator Golieetig: El 


Efficiency of transmission = = 
0 
: re : output fa 
Apparent efficiency = ratio, VeA input en eal 
Eo —E 
Regulation = - et 


Having obtained the general expression for the various quan- 
tities which enter in, we may now take a specific example of 
transmission line calculation. 


Problem 50.—In Fig. 93, let H =1, r=0.1, x = 0.2, 1 =1. 

Let 7’ vary from —1 to +1. 

Determine all the quantities, i.c., current, generator voltage, volt- 
amperes, power factor, power, transmission efficiency, apparent efficiency 
and regulation. 
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Tabulating: 
| 
Ue eee oka 0.75 0.5 0.25 |0.0 |0.25 |0.5 0.75 | 1.0 
Se eee 0.1 0.1 0.1 Oi MO eae ol 0.1 0.1 
a ey peed 0.2 0.15 0.1 0.05 |0.0 |—0.05|—0.1 |—0.15 |—0.2 
Cote aa ee i. 1.25 1.2 his Vill QO8 |e 0.95 | 0.9 
(EN Ate re 0.2 0.2 0.2 OF O02 O8 » Oe 0.2 0.2 
eee RR aaa —0.1 |—0.075 |—0.05 |—0.025 |0.0 |0.025 |0.05 0.075} 0.1 
EE sche lac alert 0.1 0.125 | 0.15 0.175 |0:2 |0.225 |0.25 0.275] 0.3 
ee See ibe) ||) ahs 1.44 he ePD |i Ph li, |e) 0.90 | 0.81 
eee, 0.01 | 0.0156) 0.0225) 0.0306.0.04 |0.0506 0.0625) 0.0756) 0.09 
i ETP san 7 1.5756] 1.4625] 1.3506,1.25 |1.1506'1.0625| 0.9756] 0.9 
Va? + b2, 1531 4-25 Wt, teat 1.16 |1.12 |1.08 |1.03 | 0.985] 0.95 
1 i ee Se ct eagkl || aps 1.21 1.16 [1.12 |1.08 |1.03 0.985) 0.95 
EW nee tt 1.0 0.56 0.25 0.06250.0 0.0625 0.25 0.56 | 1.0 
PSDP saat 2.0 1.56 1.25 1.0625/1.0 /1.0625/1.25 1.56 | 2.0 
Vit + 42 1.41 | 1.25 1.12 Doey a) Gey ile 1e25) eels 
TU RGie ana hal | aL Lie TeOSea TOM t03 met 2 1625 Mele 
Eol.. 1.85 | 1.56 1.36 TDS ate ea te em Tiers i Rd | aL BY 
TT eee sola 0.707; 0.8 0.895 | 0.94 |1.0 |0.94 /0.895 | 0.8 0.707 
aie eae 1.8) 1.25 1-2 has (it (bLOey |i 0.95 | 0.9 
CHEE ee ane /—0.1 .|—0.0937)—0.075 |—0.0437\0.0 |0.0563/0.125 | 0.206] 0.3 
Domenie Se Lp 1.1560), 1-125) )) 12106 |1- tee TOG sao betes! 56 | meee 
HAP eS ae 1.0 0.75 0.5 0.25 |0.0 |0.25 |0.5 Ones || AO 
tanerseen sone SO |2025 |20.5 (S028 0.0 02s 0.3 0.75 | 1.0 
EA APRS Ae 45° 37° | 26°30’ | 14° 0° | 14° |26° 30’ 37° 45° 
Cosia neers 0.707| 0.8 0.895 | 0.94 |1.0 |0.94 |0.895 | 0.8 0.707 
PAVIA once 0.65 | 0.742 | 0.827] 0.9 |0.982/0.999 |0.978 | 0.941] 0.895 
GCosyeneneei 0.65 | 0.742] 0.827] 0.9 |0.982/0.999 ]0.978 | 0.941] 0.895 
Ea. =F. 0.834 0.864 | 0.89 0.903 0.907,0.906 |0.89 0.865) 0.835 
0 

App. eff. = 

2 ee ae 0.54 | 0.64 0.735 | 0.813 |0.8940.9 0.87 0.813) 0.74 

Bol 
Regulation = | | | 

Hin — Fl 0.31 | 0:25 |. 0.21. 140.16. 10:12 10,08 0,03 || =0.015/- 0.05 

E 
Problem 51.—Draw vector diagrams for the cases of i’ = — 1, — 0.5, 


0, 0.5, 1, of problem 50 showing the relative positions of Hy, H and J. Also 
plot the curves of regulation vs. power factor of generator and load. 

The preceding example, like many others included in this book, is con- 
structed on the basis of percentages. That is, by choosing e = 1 andi = 1, 
whence p = ei = 1, the results obtained may be made to apply to any 
case in which the constants, r and z, give the same percentage of ri and zi 


drops. In this example, S = 0.1 = 10 per cent., = = 0.2 = 20 per cent. 


If, now, 10 per cent. resistance drop and 20 per cent. reactance drop be 
specified, let it be required to find, with varying power factor of the load, 
the same quantities determined in problem 50, when e = 2200 volts and 
t = 300 amp. 

All that is necessary, now, is to multiply those quantities representing 
voltage by 2200, those representing current by 300, and those representing 
watts, or volt-amperes, by 2200 X 300 = 660,000. 
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thus, fora = — 1 X 300 = — 300, #, = 1.31 x 2200 = 2882, T= 
1.41 X 3800 = 423, Hol = 1.85 X 660,000 = 1,221,000, Py = 1.2 X 660,- 
000 = 792,000. 

The Giher quantities sought—power factor of load and of generator, 
efficiency, apparent efficiency and regulation—are the same as already 
calculated. 

The advantages of problems on the percentage basis are thus quite 
obvious. 

Problem 52.—A transmission line 1 mile long supplies power to a load of 
100 kw. and 1000 volts at power factor of 0.8 and frequency of 60 cycles. 

The line is composed of two parallel No. 000 B. & S. wires, 18 in. apart. 

Find generator voltage, current, power factor, power output, line effi- 
ciency, apparent efficiency, regulation, we the current Bets lagging: and f 
leading. Y} na : SS 

The resistance of No. 000 B. & 8. rae dears opps wire may be taken 
as 0.06 ohm per 1000 ft. at 20°C. 

The react&nce is 27fL, where L is the inductance, in henrys, per centi- 
meter length of wire. L may be calculated from the formula, 


1 D-r 
5 + 2 log. ja r- r 
L a 109 { i 
where D and r are, respectively, the distance between D 
centers of wires and the radius of the wire (Fig. 95). Fig. 95. 


CHAPTER XVII 


CONSTANT POTENTIAL—CONSTANT CURRENT 
TRANSFORMATION 


It is sometimes desirable that the current in a circuit shall 
remain constant while the load varies. In series lighting circuits, 
for example, the current through each lamp must be nearly 
constant, while the number of lamps may vary from none at 
all up to the most that the system can sustain. Generally, 
however, it is desirable that the energy shall be supplied from 
a source of constant potential, such as a constant potential 
generator. Such a system is possible with a circuit azrangement 
like that shown in Fig. 96. Here, a high resistance, r, is placed 
in series with the lamps. When the lamps are comparatively 
few, changing their number will not alter the total resistance of 
the circuit very much, and the current will therefore be fairly 
constant. 

This arrangement is not, however, economical, as a large pro- 
portion of the power developed is always lost in the resistance, r. 


Fic. 96. HiGas oan 


We may, therefore, try substituting inductive reactance, x, for 
r, and determine if this will give better results. 

In this case, Fig. 97, let the generator voltage be unity, that 
is e = 1. Let the largest value of the permissible current in 
the circuit also be unity, that is, J = 1, and let the resistance of 
the lamps, that is, the number of the lamps, vary. We may 
then find the maximum resistance of the lamps which may be 
obtained without reducing the current lower than, say, 0.925, 
which will be considered the minimum, permissible current. 
The current is obviously a maximum when the resistance is 
zero, that is, when no lamps are used. 

Then, n= =} =1ohm, 
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Let r be the resistance of the lamps. ris variable, depending on 
the number of lamps in circuit at any time. 
Let E be made the zero vector, = e 


. é — " 
Then ih a) 

C z 4 + 9G 2 + a2 

= e(a + jb) 
r a 
where pS ae ae = — —— = 
re + v2 b r+ 2? 
I = evV/a? + be. (38) 
Tabulating for varying r: 

7 0 0.1 0.2 0.4 0.6 0.8 1 
(EO Se eae 1 1.01 1.04 iL iG) 1.36 1.64 2.0 
Th suns ttn Sete ee ee 0 0.099 0.192 0.345) 0.441) 0.488) 0.5 
Deer Ncte tr aco ans —1 |—0.99 |—0.96 |—0.861)—0.735| —0.61 |—0.5 
CUERPO oie ok 0 0.0098) 0.0869; 0,119) 0.195) 0.238) 0.25 
DEO Ae 1 0.98 0.921 0.741) 0.54 0.373) 0.25 
ar + Oh. Be 1 0.9898} 0.9579 0.86 OR 730) sO ROL ORD: 
A G2 te bee ee sks 1 0.994 0.978 OF927 SOLS oa Tim OF 7SZiOn 07 
tf 1 pe in iar 1 0.994 0.978 0.927, 0.857); 0.782) 0.707 


It is evident from the calculation that the limit of current 
is reached by a resistance of 0.4 ohm. This resistance could 
evidently be obtained by directly substituting the value = 0.925 
into Eq. (38) and solving for r. However, it is frequently prefer- 
able to carry out the tabulation, thus gaining the material for 
plotting the curves. These curves are far more instructive than 
the mere numerical answer. 

In this case, where reactance has been used instead of resist- 
ance in order to obtain (approx.) constant current, all the 
energy is consumed in the lamps themselves since the reactance 
(assuming zero resistance) does not consume any energy. Thus 
the system is efficient. However, the power factor appears to be 
very low. 

Problem 53.—Determine the power factor of the circuit and plot it 
against the resistance of the lamps. 

Altogether, it may be said that in practice this arrangement is cheap and 
practical. A constant-current ‘“‘tub”’ transformer has a higher power 
factor, but is also more expensive. In this machine regulation is obtained 
by altering the reactance in the circuit by means of the repulsion between 


the primary and the secondary coils. 
Problem 54.—A constant-current system is supplied with power by a 
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generator at 2300 volts and 60 cycles. The line resistance is negligible. 
Each lamp has 6 ohms resistance. Current must be maintained between 
the limits of 7.2 and 6 amp. 

Find the maximum number of lamps, both by the “‘resistance’’ and by 
the “reactance”? method of obtaining constant current. Plot and compare 
curves of number of lamps vs. current for the 2 cases. 

Solution.—(a) Resistance method. 


Let r = res. in series, rp = res. of lamps. 


9 
Then r = st = 320 ohms. 
r+rp= - = 383.3 ohms. 


rt = 383.3 — 320 = 63.3 ohms. 


No. lamps = ae —10io —slOllampss 

Lamps 0 2 4 6 8 10 12 
Be Got = 0.0 1250 24.0 36.0 48.0 60.0 72.0 
r + rz../3820.0 332.0 344.0 |356.0 368.0 {380.0 392.0 
(Ose Mesent 7.2 6.93 6.68 6.46 6.25 6.05 5.87 


(b) Reaectance method. Neglecting the resistance of the reactance coil, 
2300 


= 320 ohms. 
z= - = 383.3 ohms. 
V/ ri? + 320? = 383.3... rz = 210.8 
10. 
No. lamps = 208 = 35.1 = 35 lamps 
Lamps 0 10 20 30 35 40 
Ut Ro exo naO IT 0 60 120 180 210 240 
Fete ees Coe, 0| 3600 | 14,400 | 32,500 | 44,200 | 57,700 
Sr de Rare he nae 102,500 | 102,500 | 102,500 | 102,500 | 102,500 | 102,500 
Wee rete eee. 102,500 | 106,100 | 116,900 | 135,000 | 146,700 | 160,200 
Vrpttar....... 320 326 342 369 383 400 
YBa ERP ons oe ieee 7.05 6.72 6.23 6.00 5.75 


Norn.—In an example of this kind it may be as convenient to work 
directly, without the use of complex quantities as has just been done. 
With more complicated circuits, however, it may be far more convenient 
and far safer to adhere strictly to the complex method. 

There are many other schemes for obtaining constant current. 
Some of these involve the use of condensers which are treated 
in the next chapter. 

This subject will be discussed further in Chap. X XI. 


CHAPTER XVIII 
CAPACITY AND CAPACITY REACTANCE 


Two conducting surfaces, insulated from each other, are said 
to possess electro-static capacity. Such an arrangement em- 
bodied as a piece of apparatus is called an electrical condenser. 

Condenser.—When the plates of a condenser are connected 
respectively to the positive and negative terminals of a direct- 
current generator, the condenser becomes charged. That. is, 
when a switch, s, Fig. 98, is closed, completing the circuit con- 
taining the generator and the condenser, ammeters A, placed in the 
leads, will indicate a momentary current in 
the direction of the arrows. No current, in 
the ordinary sense, could pass between the 
plates. The phenomenon thus resembles 
the piling up of electricity, as so much ma- 
terial, on one plate, the positive plate, since 
it is connected to the positive terminal of the generator, and 
the withdrawing of an equal amount of electricity from the other, 
the negative plate. This quantity of electricity which seems to 
have been transferred from one plate to the other is the charge 
placed upon the condenser. The condenser is maintained in an 
unstable state by the e.m.f. of the generator. If the generator 
is disconnected, the condenser continues to remain charged so 
long as its plates remain insulated from each other, but as soon as 
electrical connection is made between them, the condenser dis- 
charges itself by a rush of electricity from the positive to the 
negative plate, as indicated by the flow of electricity or current 
through the meters. If the condenser is charged to a difference 
of potential which is excessive, the insulating dielectric breaks 
down, allowing a discharge to take place between the plates. 
This indicates that the dielectric is placed under a strain when the 
condenser is charged. In fact, the dielectric behaves much lke 
an elastic medium compressed between plates. When the 
pressure is removed the medium assumes its normal condition. 

The plates act merely as carriers or distributors of the charge, 
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while its actual seat, as found out by FRANKLIN, is the surface of 
the dielectric. 

The capacity of any given condenser is determined by the 
dimensions of its plates, their distance apart, and the nature of 
the dielectric which separates them. 

Capacity is not a property solely of apparatus arranged in the 
form of a condenser, but any body may be said to possess 
capacity—for instance, a metallic sphere, insulated and isolated 
in space. But this may also be considered as a limiting form 
of condenser in which one plate is the surface of the sphere and 
the other is a surrounding sphere of infinite radius. In this 
case the strain in the dielectric may be represented by the lines of 
force, or tubes of force, extending radially outward from the 
surface of the sphere and terminating on the surface of the 
imaginary sphere infinitely distant. This conception of lines, 
or tubes of force, due to Farapay, makes the direction of a line 
or axis of a tube the direction of the force at any point, and the 
number per square centimeter, or density, of lines or tubes be- 
comes a measure of the force at the point. 

Farapay assumed that the number of tubes is the same 
numerically as the charge per unit surface, and that the number 
of lines emanating from a charge Q is ¢ = 47Q. Thus each tube 
contains 47 lines of force. 

By connecting a sphere to one terminal of a battery, Fig. 99, 
and connecting the other terminal to earth, assumed infinitely 

distant, we establish a number of electric lines 

NV ri 7 of age extending outward from the sphere. 
<. The number of lines established is 47Q,! where 

et =a @ is the amount of the charge placed upon the 


= 7 | sphere. 
els If the sphere is in air, the practical limit to 
te 99. the number of lines which it is possible to 


establish is very closely 100 per sq. em. of sur- 


face. Thus, to produce 100 lines per sq. cm. requires a charge 
~ 


Q = —~— = 8 absolute electro-static units per sq. em. 

i increase the number of lines established in any given 
case, the difference of potential, or voltage, should be increased. 
These lines are conceived to displace the ether, until by continu- 
ally increasing the voltage, the crowding of them becomes so 


‘See Advanced Course in Electrical Engineering. 
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great that the dielectric breaks down. The ability of any dielec- 
tric to withstand rupture under the strain of potential-difference 
is called “dielectric strength.” 

With a parallel plate condenser, Fig. 
100, the lines or tubes are parallel, 
except at the edges, where they bow 
outward. 

By definition, the charge due to 
current 7 during interval dt is: 


dq = idt. (39) 


The practical unit of charge or quantity, qg, is the coulomb. 
Another fundamental relation is that 


q = Ce (40) 


where C is the capacity, and e the e.m.f. or difference of potential. 
This law, found experimentally, shows that the number of tubes 
which can be set up in a condenser of capacity C depends directly 
on the potential difference. In practical units, the charge in 
coulombs is equal to the product of the capacity in farads and the 
potential difference in volts. ‘‘Charge’’ is not a material quan- 
tity, but may well be thought of as a measure of ‘‘tubes.”’ 
Substituting from (39) into (40), since 


_ 
dt’ 
and 
ag = -Cde, 
; de 
C= Ch (41) 


which is called the charging current, or capacity current of the 
condenser. 

Assuming a sine wave of e.m.f., impressed on a condenser 
Ew sin wt (42) 
CE yw cos ot. (43) 


The capacity, C, is a constant of the circuit, that is, like resist- 
ance and inductance, it is a quantity fixed by the mechanical 
arrangement of the circuit. 

Eq. (43) may be written: 


t = CE,,w sin (wt + 90°). (43a) 


l| 


then, e 
a 


I 
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Comparing (42) and (48a) it is seen that the charging current 
is 90° in time phase ahead of e. Also, 


[,, = CHy,o 
The effective value of the charging current is then 
oe CE mw 
iPS /2 = we = CHw = 2nfCE 
whence 
UE 
Tf worfOs ee 


The quantity 2, is called capacity reactance, and its use in cir- 
cuit calculations is similar to inductive reactance. 

Expression of Condensive Impedance.—It has been shown that 
the charging current leads the impressed e.m.f. 90° in time. 

Thus, if the charging current J is made zero vector, the im- 
pressed e.m.f. is — jkJ where k is some constant and is obviously 
Pees 4 rt: 

In an inductive circuit the current lags 90° behind the im- 
pressed e.m.f. 

Thus # = jal. 


Convention has settled that an inductive impedance is Z = 
r + jx; thus the condensive impedance is Z = r — ja. where Le 
as well as x is always a positive number. 

Circuit Containing Resistance, Inductance and Capacity in 


Series.—To find the current. Let HL, the impressed e.m.f., be 
the zero vector. Then 


e é 


uh r+je—jt r+j(@—2%) ue 
where 
r 
a= r+ (x — r.)2’ 
S (% — 2) E 
r? + (2 — 2)?" Fig. 101. 


To find the voltage EF. across the condenser. We have: 
B, = I(— jx.) 
= e(a + jb)(— ja.) = e(— ajx. + baz). 
Similarly, the voltage across the inductance is 
By = 1x je 
= e(a + jb)jx = e(ajx — ba). 
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Problem 55.—Let the constants of a circuit be r = 1 ohm, L = 0.0265 
henry, C = 0.000265 farad, and let 100 volts be impressed on the circuit 
at variable frequency. Find, and plot against 
the frequency, J, #., Hx, EH, for frequencies from 
0 to 100 cycles per sec. 

Solution.—We have: 


I = ea + jb); I = eV a? +b Fic. 102. 
BE. = ¢@( — ajx- + ba); He = eV (a2x.2 + b2x,2) & exe/ a? + b, 
Et = e(ajx — bx); Hy, = eV (a2x? + b2x?) = exV/ a2 + b2. 

Also, 


E, = e(@ + 7b)r; E,.= erv/ a? + b2. 


Tabulating: 

f o | 20 40 50 55 60 65 70 100 
ST ere 0 125.6 |251.2 |314.0 1345.2 | 376.8/408.0 |440.0 | 628.0 
ate ae 0 3.93 | 8.88 B83] Os | HOO! 10.8 |) TGs | 16.68 
Pr  . co 30.0 17.65 | 12.0 | 10.92 | 10.0] 9.25 | 8.57 6.0 
Goa) ecto. =e l—ma,c7 |i. O |—a.Grlai 0.0| 1.55 | 3.08] 10.66 
(2 — @,)2. te) (AO) |) HL || Tes | Be 0.0; 2.4 Onon etd4-0 
Pee =2)2|- 22 | 713.0 | 145.0 | 14.5 | 4.14 iO| BA | tO. | B.C 
ee OT 0 |0.0014 |0.0069 |0.069 | 0.242] 1.0] 0.294] 0.095|0.0087 
eee 0 0.0374 |0.0827 |0.253 | 0.428) 0.0|/—0.455]/—0.293)—0.0925 
ce ee 0 |0.000002/0.000048/0.0048] 0.059) 1.0] 0.086] 0.009'0.000076 
hoe ieee 0 |0.0014 |0.0068 |0.064 | 0.183) 0.0] 0.207) 0.086|0.0086 
Ce 0 |0.0014 |0.0069 |0.0688] 0.242) 1.0] 0.293] 0.095|0.0087 
roar) 0 0.0374 |0.0828 |o.262 | 0.492) 1.0] 0.54 | 0.308/0.093 
Tae eae e 0 3.74 8.28 | 26.2 | 49.2 | 100.0] 54.0 | 30.8 9.3 
Tote eon ae 0 | 112.2 | 146.1 |314.0 [537.0 |1000.0|500.0 [264.0 55.8 
Eee, 0 12.5 46.8 |218.0 [450.0 |1000.0/583.0 |370.0 | 155.0 
Beer 0 3.74 8.28 | 26.2 | 49.2 | 100.0 0 | 30.8 9.3 

100 
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Resonance.—Curves of the form shown in Fig. 103 are 
called resonance curves, and their maximum points of the de- 
pendent variables are called resonance points. In this case, it 
is said that 60 cycles is the frequency of resonance. 

On examining the problem it is seen that resonance is attained 
at that frequency for which x — x, = 0, or when the effect of 
inductance is just nullified by that of capacity. The circuit then 
behaves as though it possessed resistance only. 


CHAPTER XIX 
PARALLEL CIRCUITS 


Let I, and I, be any currents in the branches of a parallel 
system, such that q, =%1+ jt’, and Ip = 7%, + 72's. 

Laying off these vectors (Fig. 105), and adding them, gives 

(OS Wored Oe Vom vacie Cabs) (44) 

Let the impedances of the branches (Fig. 104) be Z1 = 71 — jay 
and Zo = re + jxe, respectively. 


Fie. 104. ier, ils} 


To find the currents I;, Iz, and J. We have: 


I ee ee Hoe 
I, a The = ry — jx, ==, re + 22 aa e(gi te jor) = eV; 
where gi = a Te is the conductance, 
vy 3 
bi = Sain eerie a the susceptance, 


and Y; = gi + jb; is the admittance of the first branch circuit. 


eg, is the power component of J1. 
eb; is the wattless component of J;. 


Similarly, 
e e(re — jx F 
Le cp mia i Ene Lara 
where de re 
g2 ro + X92 
X 
be To” -+- to” 
and 
l=h+_1s = e(g1 + go + j(bi + be))= eY. (45) 
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To find the joint impedance, Z, of the branches, 
€ 1 


ue = _—_ seed} 
ees > 


td 


Example.—In Fig. 104 let rm: = 72 = 0, and a1 = anf’ %y = QnfL. 
Then 


T1 
91 Ta oie 0, ee u 
V1 V1 il 
3 ¥ mes 25 ee. 
bi ry + 412 x2 X1 mG: 
v2 1 1 
ba 2? + 22? x2 2nfL 
Then, from (45), 1 
T= ¢(0 +4(2nf0 — 597))- (46) 


From this it is seen that the line current is in time quadrature with the 
voltage. 
If J = 0, then from (46) we have the relation 
age! = wae 
or 
4r2f2CL = 1. 


° = —) 
u 2r-V LC 
that is to say, that if in a circuit such as is here considered the frequency 
be varied, a value may be reached for which the line current will be reduced 
to zero. In such a case the currents in the branches will be 


T, = e(0 + jb:) = e(j2nfC), 
ee SS), 
WF onfE 


Both of these currents are in time quadrature with the voltage, but 
I, is leading while /, is lagging. 

Thus, they are in time phase opposition to each other. 

Problem 66.—In the circuit of Fig. 104 let e = 100, 1 =r, =1, L = 
0.0265, C = 0.000265. Let the frequency vary, as in problem 54. Find 
f, Ii, Ts, and plot them against the frequency. 


Transmission Line Supplying Power to Parallel Loads.—Let 
a transmission line of impedance Zy) = ro + jxo be used to supply 
power to a load consisting of two impedances, Z, = 7; + jx and 
Z2 = 12, + jx2, which are in parallel. Besides the impedances, 
let E the voltage at the receiving end be known. 

Find I, I1, De, Eo, P.F. of generator and of combined load, 
regulation and efficiency of the line. 


E is chosen as the zero vector = e. 
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Then 
Feet an e€ ee e(ri1 — J21) 
2, ry SP ae Re aietine 
= e(gu Sie joi), 
where 
eon as 
fin rye + 22 bi = 
Similarly, 
Iz = e(g2 + jbe) 
where 
Hires L0G: 
ee eee) je 
G2 To? + %o” Tae ro? + t2? 
And 
I = Ly + Te = e(g1 =e J2 + j(b1 at be)) 
=m+ jn, 
where 
m = e(gi + ge), n = e(bi + be). 
Then 
Ey =e-+ IZ, =e+ (m+ jn)(ro + jxo) 
=e+ mro — n%o + ](nro + mao) 
= do + jbo, 
where 


do =e + mro — NX, bo = nro + MXo. 
Power of generator, by telescoping Hy) and I = Py = agm + bon. 


. P.F. of generator = = ies at 


ol Kol 
P.F. of combined load = as eel 
el el 
Regulation = ens 
‘ hig em 
BREN = Py am+tbdbon 


Problem 57.—In the same circuit (Fig. 106), let Eo be known and E 


unknown. Find all the quantities obtained in the last problem. 

Nots.—In solving this problem the student is again urged to pay 
particular attention to the form of his work. In order to add emphasis to 
this matter these similar problems are here given, the one being worked out 
and the other left for the student to do. 
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The numerical or scalar expressions are not put down. It is assumed 
that they may always be obtained when needed by the simple process of 
rationalizing a simple complex expression. By omitting them in the process, 
confusion is eliminated. 


Approximate Transmission Line Calculation.—The two parallel 
wires of a transmission line may be regarded as constituting the 
plates of a condenser. When alternating e.m.f. is impressed 
upon the line there will therefore flow a charging or capacity 
current over the line, whether the distant end is open or closed. 
Fig. 107 gives an approximate representation of such a line in 


Via. 107. 


which the line capacity 1s replaced by two condensers, one at 
each end, so proportioned that each shall take one-half of the 
charging current. The charging current is taken as 2722. 7 is 
always positive, whereas 2’, the wattless component of the ioad 
current, is positive or negative depending on the load. 

Then 


I =t+ (+ %) = t+ jis. 
Ey =e +I Zo = a + jbo, 
where ado = € + 219 — 73%, 
bo = ta%o + 720. 
loge I+ je = t+ j@ + 2) = 4+ jie 


From these, the power, power factor, efficiency, etc., may be 
determined. Expressions should be obtained by the student for 
practice, as follows: 


Power given by generator = Py = 
Apparent power at generator = Holy = 
P.F. at generator = cosao = eats = 
Kolo 
Efficiency of transmission = chee 
Po 
Ei 


Apparent efficiency = = 


CHAPTER XX 
DISTORTED WAVES. RESONANCE EFFECTS 


So far, only current and voltage waves have been dealt with 
which followed a sinusoidal variation with respect to the time 
and had the same frequency or period. In the laboratory, re- 
sults obtained are found not always to agree with those expected 
from the theory. This is frequently due to the assumption in 
theory of pure sine waves, whereas, in practice, a pure sine wave 
is only approximately attainable, and the actual waves may 
differ greatly from that form. 

It can be proven that any curve representing changes occurring 
with time can be resolved into a number of sine waves of differ- 
ent frequency—as long as the curve representing the changes 
is a univalent function of time—which it always is in electrical 
problems. 

It can also be proven that if the curves traced are symmetrical 
above and below the axis—no matter how distorted—the sine 
waves contain only the odd frequencies. 

Thus assume as the simplest case that the current is distorted 
in such a way that it can be represented by the first two terms 
of the series, that is that: 


4 = 11, sin wt + J3,, sin (8wt + a). 


It is seen that the frequency of the second component wave 
is three times that of the first. 
The first wave is called the 
fundamental of the complex 
wave, the second wave is 
called the third harmonic. 
The angle a denotes the per- 
manent phase difference be- 
tween the waves. Such a 
combination of waves 1s seen 
to be a distorted wave, as 
shown in Fig. 108. To find the amount of heat such a wave 
will develop in a circuit, that is, to find the effective value of 
the complex wave. 


Fra. 108. 
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Evidently the heat developed at any instant is proportional to 
eee HX | 
a2 = [Ly sin wt + Im sin (Bet + a)]?. 


The mean value of the heat developed during a cycle of the 
wave will then be proportional to 


i 

mean 72 = ahi sin wl + Ism sin (Bt + a)]?dt. (47) 
0 

Thus, the effective value of the current is 


2 ao 
~/mean 2 =I = Vz if [Tim sin wt + Iam Sin (But + a)Pdt. (48) 
0 


The student should solve (47) and (48), and show that 


ane Feam* 
yee eee 
mean 7 = 9 + 9 (49) 
and l= VJ/1t ie 


where J,,, = maximum value of the fundamental current wave, 
I3m = Maximum value of the third harmonic, 


I, = Fam = effective value of the fundamental, 
\/-2, 
I3 = oS = effective value of the third harmonic. 


Also, in general, where there are any number of component 
harmonic waves in a circuit, 


T=VI?+1e4+124+. ou (50) 

Thus is found the important rule that the effective value 

(ammeter reading) of any number of currents of different fre- 

I quencies is equal to the square root 

e a ee of the sum of the squares of the in- 
1 dividual effective values. 

ae one Notrr.—Kq. (50) holds for any combina- 

tion of harmonics whatsoever. With alter-. 

10(~) nating-current machinery, we have to deal 

Pee ioe: only with odd harmonies, as the positive 


and negative waves are always symmetrical 
except during transient periods not considered in this volume. 


Example.—In Fig. 109 are represented three generators which 
supply respectively 20 amp. at 60 cycles, 15 amp. at 25 cycles, and 
10 amp. at 10 cycles. They all use a common wire for a part 
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of their circuits. Then the current which flows in the common 
wire is 


I = V202 + 15? +10? = 27 amp. 


Problem 58.—If still another generator is added to the above system and 
it supplies 12 amp., direct current, to its load, using the common wire, find 
the current, I, that will then be in the common wire and explain the result. 


E.m.f. Which Causes Distorted Waves of Current.—If the 
current in any circuit is given by the equation 


a= 1,sin of + 73 sin (8at + a) (51) 


the question may naturally arise as to what kind of e.m.f. wave 
will cause such a current to flow. Will the e.m.f. wave be more 
or less distorted when the current is supplied to a circuit of re- 
sistance and inductive reactance? 

We have (Eq. 15), 


Substituting from (51), 
e=I1,rsin wt + Isr sin (80t + a) + L(y cos wt + 
313 cos (dwt + a)) 
= [yr sin wt + LIyw cos wt + Igr sin (80t + a) + 
3LI3w cos (Bat + a) 
= [yr sin wt + Iz cos ot + Jar sin (Bet + a) + 
I343 cos (wt + a). (52) 


Let == tan p: S =e hanOne 
Then 
Pp = By GOS} = 2 COS [si5, 
Substituting these values in (52), 
e = 1,Z,(cos B sin wt + sin B cos wt) + 13Z3(cos B3 sin 
[3wt + a] + sin B; cos [Bat + a]) 
= 1,Z, sin (wt + 8) +132, sin (Bat + a + Bs) 
= FE, sin (wt + 6) + E3 sin (Bot + a + Bs). (53) 
Thus the amplitude, £1, of the fundamental voltage wave is 
Z, times that of the current fundamental; the amplitude FE; of 
the triple frequency voltage wave is Z; times that of the cur- 
rent triple frequency harmonic. 
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The difference between the multipliers, Z; and Zs, is due to 
their respective reactances, x and 2s, since r is the same in each. 
But #3 18 32: 

Therefore, it is seen that the triple frequency voltage wave 
is greater in proportion to its fundamental than the triple fre- 
quency current wave to its fundamental. In other words, the 
voltage wave is more distorted. 

Conversely, it may be said that when a distorted voltage is 
impressed on a circuit, the effect of the inductive reactance is 
to smooth out some of the distortion in the current wave. 


Problem 59.—Show that when the e.m.f., 
e = £, sin wt + E; sin (wt + a), 


is impressed on a circuit of resistance only, the current flowing will have 
the same amount of distortion as the voltage has. 

Problem 60.—Show that when the e.m.f. of problem 59 is impressed on 
a circuit containing resistance and capacity, the effect of the capacity is to 
increase the distortion of the current. 


If the voltage (53) is measured by a voltmeter, what will the 
reading be? From the development of (51) in respect to dis- 
torted currents, since both currents and voltages are similar 


in form it follows that the effective e.m.f. shown by a voltmeter 
will be 


a 2 en ee 
E = A ae aun fe: /E,? + E32 


Problem 61.—In Fig. 110 let EH be the known impressed voltage, let 
capacity = C farads, inductance = L henrys and resistance = r ohms. 
Then 


1 . ; 
X, = orf? Xp, = 2nfL.. 


Find the current, and the voltage drops across the inductive impedance 
and the capacity, when the impressed voltage is composed of a fundamental 
and a third harmonic. The fundamental component of current will be 


a= eé1 ca at “er 41 - rt 
20 r+ jae t+ i@,—m) ~ 9 +I), 
where 
r 
g 292? 
(zz — 2) 
be es 
*0~ 
and 
Zo? = 8 Gor aay 


and EH, = e, is the zero vector. 
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The voltage drop across the inductive impedance, z, due to Les 
Bip WZ = ei(g Jo) + jae) = a + 7b 
where 


a = egr — eybxzy;b! = (br + gaze. 
The voltage across the capacity reactance due to J; is 


Exc — I,(0 = j&c) ae d 4 iis 
where 


c d = e,ba.3f = — e1gie. 


The third harmonic components of current and voltage are similarly deter- 
mined, remembering that 


Us~ = 321, 
Le 
Bie = 3" 


Problem 62.—In the circuit of Fig. 110, 
let r = 1, L = 0.0265, C = 0.000265, H = 
100, #; = 30. Find and plot the current 
waves Ji, J; and J, as the fundamental lia. 110. 
frequency is varied. 


Notr.—Solve for frequencies of 15, 20, 25, 35, 50, 55, 60, 65, 75, 100. 
Solution.—We have, first, 
E, = VE? — E;? = »/100? — 302 = 95. 
Then 


I 95 95(r — 7x1) 95r 5 ai 
ot pie, ott 2? era J 724 a3 


a 14 Se Woo 


il 3 600 
t= Mt, — lie = 2rfil — af iC = 0.167/1 — af ‘ 


30 30r . 3025 


+ Beas 
aes +jt, rita? Ir? +o? ” T It a 


where 


il 
A a AW i Te hy = 2nf,b — QrfsC = 0.167f3 — Se = 0.5 eo hi 


Waves of J, J; and IJ are plotted in Fig. 111. 


It is seen that the maximum J; occurs when ai, = ie, 2.€., when 
ire 5 
0.167f; = ~ or, at the frequency f; = 60, and it is [1m = Tac 95 amp. 
1 
; 0 
Maximum J; occurs when x3, = 2;¢, 1.e., when 0.5/1 = ve or, at the fre- 


S) 


quency f: = 20 and it is I3m = he 30 amp. 
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Fig. 111 gives a striking illustration of resonance, in that there are two 
distinct resonance points. 


Correspondingly more points of resonance would be produced if the 
e.m.f. wave possessed more harmonics. 


The higher the harmonic, the 
lower the frequency at which resonance occurs. 


CHAPTER XXI 


CONSTANT POTENTIAL—CONSTANT-CURRENT TRANS- 
FORMATION (Cont’d from Chapter XVII) 


It has already been shown how a fairly constant current may 
be obtained from a constant potential source by the use of re- 
sistance and inductive reactance. 

It is recollected that either the efficiency or the power factor is 
poor, and that the range of fairly constant current is quite narrow. 

While a far better control can be obtained by the introduc- 
tion of a condenser in connection with the reactance, this latter 
method has found little practical application because of the 
rather high cost of condensers and their unsatisfactory operation 
with the distorted current taken by arc lamps. It is, however, 
probable that such system will be extensively used in the future 
on account of the fact that series incandescent street lighting is 
being used to an increasing extent. 

In Fig. 112, let Hy be the constant voltage impressed on the 
system, and let # be the variable voltage across that part of the 
system in which the constant current, J, 
is to be maintained. Let the system be 
composed of 2; = 71 + jai, in series with 
the parallel! circuits, 22 = re + jx and the 
variable load impedance, 2 = r+ jx. E, 
the voltage across the variable impedance, 

helio: will be taken as zero vector, = e, although 
it might seem more logical to use Eo 
which is known. (With Ey chosen, the calculations are some- 
what more involved, yet, of course, perfectly possible, and the 
student is advised to apply both methods and verify results.) 
I e 


2 


I 


= e(g + jb), (54) 


Lace = e(go + jbs), (55) 
Th =I +1, = eg + go + j(b + ba)) = e(go + jbo) (56) 
Ey =e+ IZ, = e(h + jl). 
140 
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Numerically, 
By = eVie + B, 
and 
Eo 
ée = a 57 
Vie +P 81) 


which is the value of the zero vector. 
Substituting this value of e into (54), (55) and (56), 


Ey : 
es A/ he (iO) (58) 
EH ; 
sear rar, ae es 
: VJ h? + /? 


These equations give the currents in the three branches of the 
circuit, but there is nothing about them which determines that 
I shall be constant. Ho, g2 and be are constants, g and 6 are 
variable, and go and bo are, respectively, g + g2 and b+ be. 
h and U are made up of combinations of g, go, b, b2 and 7; and 2, 
where 7; and 2; are constants. J, and I; are essentially variable 
because of the variation of z, the load impedance. 


Problem 63.—Let a circuit be chosen as in Fig. 113, 


such that 7) — 72 = 0 
@1 = — x. = 125 ohms 
tet (): 


Let 
Eo = 250. volts. 


Find e, J;, J and the power factor, and plot 
them against r for varying values of r from 0 
to 500 ohms. 


Solution.— 
Since 
C= 0g — 0s — 03 
.. (54) becomes 
e 
ae 


Similarly, (55) becomes 


and (56) becomes 
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and ' 
By = 250 =e te(2—sz2) im 
=e tj 4 = e(h +51), 
whence 
eal T1 
a= (142), 0-2 
: ene | e\ dB 204 201° 
1 Vie +P =) (1 +2) oy SNL See 


Substituting values for x and 2», 


VP aP =V(i 250 , 125% | ne ‘. 


W125 font ears 


1952 (125)? 125 

Wereaate a, - ji ee 

(57) then becomes 
_ 250 _ 
big so 

rT 
(58) becomes 

2r 


= 2 = constant for all values of r. 


(60) becomes 


1 1 Mal oe 
hain ga Ee 

This case is, of course, ideal in that it assumes absence of re- 
sistance in both reactive branches of the circuit. 

In Chap. XVII, it was found that with the system which used 
only inductive reactance to obtain constant current, the power 
factor was quite low. 

To obtain an expression for the power factor in the present case, 


Ey = eh+ yl) = eh + gel, 
e Ee 
oe ri? 


whence, by telescoping, the power is 


e7hee 67! 
a te Hip) 
e? om e721 e? 
- Cae eens 
r wip) Teor 


Substituting numerical values, Po = 4r. 
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Volt-amp. = Eyl, = (eh + jel) (“ is j-) 
mee : 


= 4 2456-4) -o(@+ ie ey 


r v2 % Xe r Xe r Xo 
A? 202 Pilate de 2h 
= 2 i ; 
: ae a oe aE 1X2 ns r? a Doe 1X2 


Substituting values for h and 1, 


Tiel =e" je we | Tia agate (1 i =) 


PAB r4 ae To 
This equation reduces to 
Boly = OV th + 222, B 
when 2; = —2e, and, substituting numerical eee 
Kol, = AV 7? 4+ 1252 + 125? 

Ee e? 
*. Power factor = = et 

Ely Ara/ rp? + 22? 

. 
* Vere 
Tabulating: 
| | 

Tae es be 0, 10 20 50 100 200 500 
(Bs Gb Gree hot 0) 20 40 100 200 400 1,000 
[pte + Si oetet ec 0 100 400 2,500 | 10,000 | 40,000 | 250,000 
r? + 125%. .| 15,625] 15,725 | 16,025 | 18,125 | 25,625 | 55,625 | 265,625 
4/7? +7257] 125/125.2 |126.5 | 134.5 160 236 515 
lB Aen eee 0; 0.080) 0.158 0.372 0.625 0.847 0.97 
TEES pn cata Ge 2) 2200 2.02 2.15 2.56 5}. (hte) £0) OS 
ee cs 0} 0.16 0.32 0.8 16 3.2 8.0 


Fig. 114 shows the curves of current, voltage, and power factor 
for change of resistance of the load. 

In this case, the power factor is seen to be very much better 
than it was found to be where inductive reactance alone was used. 


Problem 64.—Let the load in the preceding problem be made up of both 
rand a. Find the effect of reactance in the load and make a general study 
of the conditions under varying power factor of the load. 
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This may be done as follows: Imagine the load to consist of any number 
of lamps, each lamp possessing a certain resistance and a certain reactance. 


Then the ratio of : will be constant. 


1. Let x = 0.5r. The power factor of the load will then be 


r 1 
Jr? +0.25r? 01.25 | 


2. Let « =r. The load power factor is then 0.707. 

Supplying these values in turn to Eqs. 54, etc., as in the previous problem, 
tabulations and curves may be obtained from which a report on the effect 
of power-factor variation of the load may be made. 


In order to bring the subject to a practical basis, the effects of 
actual constants of the apparatus should be investigated. It 
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will be found that the resistance of a suitable reactive coil for 
such a case as developed above, would not need to be above 
0.5 ohm, and that the resistance in the condenser circuit would 
be very much less. Consequently the effects of resistance are 
extremely small, and the case, as worked out, may be considered 
as approximately attainable in practice. 

Many schemes have been proposed for the attainment of con- 
stant current from a constant potential source, in which more or 
less elaborate combinations of reactances have been arranged. A 
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study of the possibilities of different schemes is profitable for the 
student as it affords excellent practice in circuit calculation.! 

Power and Wattless Components of Volt-amperes.—The 
quantity EI cos a is called the power component P of the volt- 
amperes. 

By a similar conception, EI sin a is called the “wattless” 
component P?! of the volt-amperes. 

Thus 


BI = \ (FI cos a)? - (BT sin a)? 
Referring to Eq. (36) 
EI sin a = ETI sin (8 — y) 


= HI (sin B cos y — cos B sin y) 
7 


jee ee re 
eet I aa ae Cae (61) 


1 For some of these developments see Stainmerz, ‘‘ Alternating-current 
Phenomena,” Chap. X. 
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CHAPTER XXII 


THEORY AND USE OF THE WATTMETER 


The most accurate way of obtaining results in the measure- 
ment of alternating current, voltage or power is by the use of the 
electro-dynamometer. 

As generally employed the electro-dynamometer, invented by 
SrmMENs is a combination of 2 coils, one movable and the other 
fixed, whose planes are set at right angles to each other. When 
current is sent through the coils, each sets up a magnetic field 
in the region occupied by the other, thus causing forces which 
tend to move the coils relatively to each other. The forces are 
balanced by tension on a calibrated spring. 

If the same current is sent through both coils, the scale, prop- 
erly calibrated, measures the current. If the instrument is 
placed in series in a circuit, the current measured is that of the 
circuit, and the meter becomes an ammeter. If it is placed in 
shunt to a given circuit, the current in the coils is proportional 
to the voltage drop in the circuit, and the meter becomes a volt- 
meter. 

If, however, one coil is placed in series and the other in shunt 
to a given circuit, the effect on the instrument is proportional to 
the product of the amperes and the volts at any instant, and the 
electro-dynamometer becomes a wattmeter and measures power.! 
For practical construction, the coil to be connected in series is 
made of few turns of comparatively heavy wire, and is usually 
the fixed coil, while the coil to be connected in shunt is made of 
very many turns of fine wire and is movable. 

Accurate results are obtained by the dynamometer because the 
coils, while readings are made, are always kept in the fixed rela- 

‘The flux set up by 1 coil (fixed) is proportional to the current flowing 
in the circuit, while the flux set up by the other coil (movable) is proportional 
to the voltage across the circuit. But the force at any instant acting on the 


coils is proportional to the product of the fluxes set up by the coils, that is, 
the force on the coils is proportional to the product, E x I, where 


E = voltage across the circuit, and 
IT = current in the circuit. 
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tive position at right angles to each other, thus eliminating mutual 
flux;' also because no iron is used in construction, and there are 
no other materials which might cause variation in the results. 
Accuracy must be obtained, however, by the correction of 
certain errors in the readings. The error due to friction of the 
movable coil is small. The error due to changes of resistance 
by temperature is obviated in good 
instruments by the use of resis- 
tance which is not affected by 
change of temperature. When 
used as a wattmeter, the readings 
of the dynamometer must be cor- 
rected for error due to the manner ie 
of connection in the circuit. This 
correction is of great importance. 
Let the wattmeter be connected 
as in Fig. 115 (A), in which the 
power consumed by the impedance, 
Z = R + 7X, is to be measured. 
The current coil is represented 
by the impedance z= r + jz; the 


Io Z=V4+ 9x n 


voltage coil by the impedance 27 = 


. = C 
mT, + ja1. The load voltage is e, ee 115. 


which is chosen as the zero vector. 

The meter should be first calibrated by direct current, so that 

its reading for any given direct-current power is known. 
Wattmeter Connections.—Connection (A) is wrong, because 

the current coil has to carry J,, the current taken by the voltage 


coil, in addition to the load current J, thus causing the wattmeter 


to indicate the power lost in the voltage coil, plus the load. There 
will thus be a reading even at no-load. If J,?r1, the power lost in 
the voltage coil, is subtracted from the wattmeter reading this 
error is eliminated. This error is usually negligible in connection 
- with circuits carrying large current at low voltage. 

In the connection shown in Fig. 115 (B), the current coil 
carries only the load current. The voltage coil, however, is so 
connected as to include the drop in the current coil as well as 
that across the load. Thus the wattmeter indicates the power 


1 Mutual induction will be treated more fully in connection with the 
study of the transformer. See Chap. XXVI. 
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lost in the current coil in addition to the load. This error may be 
corrected by subtracting the J’r power lost in the current coil. 
Connection, (B), is best adapted to measurements at high voltage 
and low current. 

A third arrangement, Fig. 115, (C), is known as the compen- 
sated wattmeter. In this there is wound a fine wire coil of the 
same number of turns as the current coil directly upon the latter. 
By its connection, it is seen that this coil, c, carries the current of 
the voltmeter coil. It therefore supplies to the current coil just 
enough back ampere-turns to neutralize those due to that excess 
of current in the current coil. This arrangement causes the 
wattmeter to read correctly so far as its connections are con- 
cerned. 

Readings of: the dynamometer calibrated by direct current 
must also be corrected for an error due to change in frequency. 
In connection (A), Fig. 115, the load current is 


Current in the voltage coil is 


me Set Jon 


As 
al 
Current in the current coil is 

Looms 3 Ls 30290 70a). 
These currents are plotted in Fig. 


*116. Usually, the angle of lag of J,, is 

very small, even less than 1°. This 
slight lag may, however, give a large 
error. 


by 
Tan y = —: 
ay 91 


Fie. 116. 


Since the coils are at right angles, the 
torque at any instant on the movable coil is proportional to 
the product of the currents. 

Thus, 


T = kot, 


where 2 and 7 are instantaneous values of current in the two coils. 
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Let 


ty — lon sin wt, and 14 = # Kes sin (wt == a). 


Then the average value of the torque through one-half cycle is 


fond Bi) 
E (om sin wt) Im sin (wt + a)dt 
0 


Della toe: ; : 
ea (sin? wt cos a + sin wt cos wt sin a)dt 
. 0 


x 2ihlgle fol = cos 2at sin 2at . i 
a , 5) cos a + a oun sin a }dt 


Es 2 cosa cosasin2wtf sina cos | 


1 2: 4 0 
rt ee ee sing sin |) 2k Ld 
= a 2 COS @ 4 4 => 2 of1 COS @ 
= kI ol, cos a, 


I) and J, being, as usual, the effective values. 
The wattmeter reading is then proportional to 


IyIo cos a, 


where a is the angle between J) and J}. 

But the true power is el cos 6 where @ is the angle between 
e and I. . 

In order that the wattmeter shall read true power it is therefore 
necessary to correct each term in the reading. These corrections 
are: (a) for the current in the voltage coil; (b) for the current in 
the current coil; (c) for the angular displacement. 

(a) Assuming the meter to be calibrated by direct current, the 
current in the voltage coil at any frequency, f, will be less in the 
ratio ———,, due to the inductance of the coil. 

Vr 


+ 247 
The reading should therefore be corrected by the factor = 
in order to bring it proportional to e. 
(b) The current in the current coil is too large in the ratio, #. 
The correction factor is therefore, 
TG? BR? 


Io ae go” ar bo? 
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(c) The correction factor for angular displacement is evidently 
cos B 
COS @ 
correction factor is then 


eae: Ig? + B? cos B 

ie T1 go” + bo? cos a 
The constants of the wattmeter are assumed known, which per- 
mits of obtaining all angles except the phase angle of the load. 
Thus, ais known, but not 8. In order to obtain 8, a reading may 


be taken of the wattmeter, voltmeter and ammeter as in the ex- 
ample below. Then, roughly, 


» where 8 and a are as shown in Fig. 116. The complete 


cos B = EI (62) 


Substituting this value of cos 6 into the correction factor, a 
new value of W is obtained. Replacing the approximate W of 
(62) by this new value, a new value of cos # is obtained in which 
the error is of the second magnitude. By repeating this process 
any desired degree of precision may be obtained. 

Example.—To find cos 8, when by 


reading of instruments the approxi- 


100 — 


mate power factor is found to be 
! 
K =| watts 50 
| == — = = 
| hea volt-amp. 100 the 
75 50 +25 0 


There must be a correction-factor 
Fig. 117. curve of the dynamometer for varying 
power factor. 

From this curve, let the value of k be 0.99 for P.F. = 0.5. Then 
multiplying, 0.5 X 0.99 = 0.495 = power factor to second ap- 
proximation. It is evident that a repetition of the process will 
be hardly necessary in most practical cases. 


Power Factor 


Problem 65.—With the wattmeter connected as above (115, A), determine 
and discuss the correction factors: (1) with non-inductive load; (2) when the 
power factor of the load is just equal to the power factor of the voltage 
coil; (3) in the theoretical case when there is no self-induction in the voltage 
coil. 

Problem 66.—By a process similar to that just given, find the correction 
factors for wattmeters when connected according to (lig. 115, B and C). 


The errors actually obtaining in practice with good commercial 
indicating wattmeters are quite small. Thus, at normal voltage, 
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2000 cycles and power factor from 0.8 leading to 0.8 lagging, 
the error is usually less than 14 per cent. 

As the power factor is lowered the error becomes larger. At 
normal voltage, 60 cycles, the error may be less than 0.2 per cent. 
with the power factor down to 0.1. 

If the impressed voltage is low, say 15 per cent. of normal, the 
error may, however, be several per cent. 

In operation there are also errors which enter 
with the use of “current” and “potential” trans- 
formers. When these are used, the error is 
practically negligible for power factors above 
0.8 except for small loads. With non-inductive- 
load of, say 10 per cent. normal, the error may, 
however, be several per cent. 


100 Volt 


BiGaelles 


Problem 67.—An uncompensated wattmeter (Fig. 115, A and B and Fig. 
118) has a rating of 400 watts. At 100 volts the resistance of its voltage 
coil is 2000 ohms. At 50 volts the resistance is 1000 ohms, at 10 volts it is 
200 ohms. The inductance of the voltage coil is 0.007 henry. Resistance 
of the current coil is 0.03 ohm. Inductance of the current coil is 0.0003 
henry. Find the wattmeter reading, the actual watts and the correction 
factor for all combinations of voltage, current and power factor, when 


e = iO) 50.0, and 10.0, volts 
if = 4, and 0.4 amp., 
PH = se, 0.1 lead, and 0.1 lag. 


ie 
| 


60 cycles. 


CHAPTER XXIII 


SIMPLE PROBLEMS IN ELECTRO-STATICS 


It is desirable at this point to introduce certain principles of 
electro-statics. These should, of course, be more or less familiar 
to every student who has had an adequate course in physics. 

Potential.—By definition, the potential at a point in an electric 
field is equal to the work done per unit charge in bringing a 
positive charge from a place of zero potential (usually infinity) 
to the point. 

Intensity——Also by definition, the intensity of the electric 
field (lines per square centimeter in air) is numerically the same as 
the force which that field exerts on unit charge. 


Fre. 119. 


Thus, if R is the intensity of the field at a distance r from a 
point charge, Q (Fig. 119. See also Chap. XVIII). 
R 4rQ) 4nQ) QQ 


area of sphere of radiusr  4ar2 or? 


Therefore the potential at p is 
V, = — SRdr = — JSR cos Ods (63) 
where ds is an element of the path of the unit charge and 
dr = ds cos 0. 


The minus sign is used because work is done in bringing unit 
positive charge against the charge Q which is also assumed posi- 
tive. Thus, the repulsion between the charges must be overcome 
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and work has to be supplied. This designation is, of course, a 
matter of convention. 


Substituting the value of R, just obtained, 


p Pp 
at ces ae [te meng 8 
Vo [na = fs dr = + i 


where p is the distance from Q to p. 
Capacity of a Sphere.—Suppose the charge, Q, to be on an iso- 
lated sphere of radius, 71. Then, at the surface of the sphere 


Q 


p = 7,, and the potential is V; = = 
1 


The capacity of a condenser is defined as the charge per unit 


p 


Be: 
p 


foe} 


potential. Thus, C = S where C is capacity, and V is the 
potential of the charge Q. 
Since, therefore, with an isolated sphere, V; = _ the capacity 
1 

of the sphere is 

Qri : 

C= —— = ri invem. 
Q ¥ 


Thus, the capacity of a sphere is numerically equal toits radius; 
the value of the capacity expressed in farads, C is found by 
dividing C in centimeters by the constant 9 X 10". 

Potential Gradient.—The potential gradient, usually denoted 
by G, or the rate at which the potential changes at a given point, 
is of very great practical importance since it is a measure of the 
electric stress to which the dielectric is subjected. The potential 
gradient, G, and the electric field intensity, R, are the same nu- 
merically. Thus, if the potential of a certain point falls at the 
rate of 5 units of potential per cm., the actual number of lines 
per sq. cm. at the point is also 5. 

By definition, 


dV 
G = -— 9 
Since, 
dV = — Rdr 
Gath, 


In a dielectric of specific inductive capacity, x, the intensity 
as well as the potential gradient for a given charge is less than in 
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air. It is — times the intensity in air. Thus, in the case of a 
K 


sphere, 


The maximum possible value of G, or R, under ordinary con- 
ditions in air, is not known exactly, but is in 
the neighborhood of 30,000 volts per cm., or 

eG 100 electro-static units of potential. 
Capacity of a Spherical Concentric Con- 
az denser.—Consider 2 spherical concentric bodies 
with charges plus and minus Q. 
By (63), the potential difference is 


V=— { ~ Raz, 


where r and 7; are radii respectively of the inner and outer sur- 
faces of the condenser. 


irae 120: 


But 
aed 
ee 
me [Ate aetn UMES pe 2 
- [Se- ha ee oleae 
Se ge ee 
- (64) 
Therefore the capacity of the condenser is 
Mais EA 
C= (en ee ee (65) 


Potential gradient between concentric spheres 
Since 


dV 
o Seeker: 
and 
dV = — Rar, 
G = R = a = CV 
a ae 


But 


SIMPLE PROBLEMS IN ELECTRO-STATICS 155 


At the surface of the smaller sphere, x = r, whence the gra- 

dient is 
thal V 
Oe r (1-7) 

The Capacity of a Concentric Cylinder.—Let the charges be 
+ Q per cm. of length of the cylinder (Fig. 121). 
Then, by Gauss’ theorem, the flux emanating 
from each centimeter of length = 47Q. 

Lines of flux are here assumed to extend radi- 
ally, which they actually do. 

At any distance, x, from the center of the 
cylinder the intensity at a point is the total 
number of lines divided by the area, or, 
4rQ _ 20. 


— Ore > 2 


Rz 


Thus, the potential difference is: 


iy "9 
é= —{ ra =— | ae = — 2Q[log r — log rj] 


= + 2Q log = (66) 
and the capacity is 
Q ae 
C = ee = fs in cm. 67 
2 log ee (67) 
r 
per cm. length of the concentric cylinder. 
The gradient at any distance, x, from the center is 
2 2C. 2 1 e 
G = R I Q = 2 = s< = = 
x x x fie ry (68) 
2 log 4 x log ca 


At the surface of the inner conductor, x = r. 


eG = 


»and this is the greatest value of the gradient. 


r log 


1 See “Advanced Course in Electrical Engineering.” 
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In these formule no account is taken of any effects due to the 
ends of the concentric cylinder. For the special case of an outer 
cylinder of radius 7; = ~, C = 0. 

Capacity of Two Parallel Plates so Large that the Effects of 
Their Edges may be Neglected.—The total flux set up by a 
charge, Q, is 4rQ (Fig. 122). 


: : 4 
The intensity, R = aes 
where A is the area of one side of 
(CT ae fs the plate. 
5 Y ¢ The potential difference is: 
“ =< Rid =— Sede 
C= I tar = l A j 
B 
RTOs 4rQ| [© 4rQd 
dines, 1B 2 bn LS = 
at Ata ls A (69) 
where d is the distance between the plates. 
The capacity 
ae te ERAT 
C= ae fe ay (70) 


where the dielectric has a specific inductive capacity x. 

The potential gradient, G, is a constant in the dielectric be- 
tween the plates, since the flux lines are parallel. 

Thus, 
de 4rQ  4rCe 
Ogee Agee EA. 


(Sie aes 


|S 


in which e¢ is the difference of potential of the plates and k is a 
constant, = 4rC. 

Capacity of a Transmission Line.'—The line is represented in 
section in Fig. 123, with, r, the 
radius, and, D, the distance be- 
tween centers, of the wires A and 
B. Let A be charged + Q, and*? 
B, —Q. The flux lines emanat- 
ing from A enter B. The inten- 
sity at a point, p, due to the charge on A, is R4; that due to 
the charge on B is Rp. 


“Pp 


Fia. 123 


‘For more exact deduction see ‘Advanced Course in Electrical 
Engineering.” 
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Then 


_ 4nQ pe ehaa 


ery ve 


The intensity due to the two charges is the sum of R4 and Ra, 
since the direction of the lines of electro-static force from A, due 
to a positive charge, is the same as that due to B, which has a 


negative charge. 
1 1 
e = 29|5 + pee | 


The potential difference is: 


é = — { Ras =— hi —) dx 


= 4Q fore (71) 
and the capacity is therefore 
Q 1 
Cy a a 
. oe ies lor D—r (72) 


per em. length of circuit not of wire. 

This capacity is expressed in centimeters. If the line is in a 
dielectric of specific inductive capacity, x, the capacity in air as 
determined above, must be multiplied by x. 

To transform capacity, expressed in electro-static units in (72), 
into electromagnetic units, the former should be multiplied by 


i : 5 ; 
2 where v is the velocity of ight = 3 X 101° cm. per sec. 


The practical electromagnetic unit of capacity is the farad. 
sche. 6; 
Capacity in farads = ” <102, 


where C is capacity expressed in electro-static units. 
, : 1 cm. 
. Farads = electro-static units X 9x 104 = 9 108 


Thus, C/cm. of circuit, in farads, = 
k 0.434k 


ae 
"x9 x 104 2 (2 logis ——*) x 9 x 10" 


4 log —— 
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When connected to a source of Rab te e.m.f., the effective 
value of the charging current is 1, = 2xfCE, where Ei is the effect- 
ive value of the line voltage. 

The voltage is frequently taken from one 


En side of the line to neutral, that is, to the 


E ——-t-——---- point of zero potential of the system (Fig. 
| 124). When this voltage to neutral is used, 
fra 124. the capacity to ground, or to neutral, is 


twice as great as the capacity between lines. 
This follows since J, = 2xfC,En, where C, and LH, are capacity 


: E 
and voltage to neutral, and for single phase systems, EH, = oh 
ia 
For three-phase systems, H, = —=" 
p Ay ) /3 
k ; 
C= = ee? farads per cm. of line, since in 


2% 9 X10! < log 


using the neutral, the length of line is the transmission distance. 


Reducing values to practical units, C,/1000’ = Oe 
logio 
is the capacity to neutral per 1000 ft. of line, in micro-farads. 
LV A0007 = eal is the charging current per 1000 ft. of line, in 
amperes. 


Capacity of a Three-phase Cable.—Capacity to neutral per 
1000 ft. of line is given in micro-farads by the formula 


C,,/1000’ er gaees 2 oe 0.0074 ; saa s 


Vin ee 
VR + “at ag R2a?2 


Such a cable is represented in section in 
Fig. 125, where R is the radius of the sur- 
rounding sheath, a is the distance from the 
center, or neutral point, to the center of one 
of the wires and r is the radius of 1 wire. 


Problem 68.—(a) Prove that the greatest charge which may be put on a 
ball of 10 em. radius is 10,000 electro-static units. (Assume that the maxi- 


' This will be understood from later discussion of polyphase systems and 
deduced in the volume dealing with advanced electrical engineering. 


SIMPLE PROBLEMS IN ELECTRO-STATICS 159 


mum gradient is 30,000 volts per cm. when air at atmospheric pressure 
“breaks down” and a glow called corona appears around the wire.) 


(b) Prove that the greatest surface charge, in coulombs per sq. em., is 26. 

(c) Show that if the inside conductor of a concentric cable has a radius 
of 1 cm., and the outside conductor is 2 em. in radius, 0.0027 coulombs 
must be put into 1 mile of cable to cause it to glow (corona). Show that 
the potential difference between the 2 conductors is 20,800 volts. 


Inductance of a Concentric Cable.—The inductance is recol- 
lected to be the interlinkages of the flux and turns per unit current. 
In general, if the m.m.f. acting in a circuit is F then the flux 
4rF X area of magnetic circuit, 

length of magnetic circuit 
The interlinkage factor is the fraction of the total current en- 
closed by the flux, and 


1s 


b= +2 flux X interlinkage factor. (73) 


Consider first the flux in the inside conductor due to the as- 
sumed uniform distribution of the current 
Ti. Tk 

At a distance x from the center (Fig. 126), 

2 
the m.m.f. is ay I where / isthe total current. 


The area enclosing the flux per centimeter 
length of conductor is dz and the length of 
the magnetic circuit is 27x 


2 
x dd = 4n 5 Ia = Bl ihe 


This flux interlinks with ee of the total current; thus the 


2 
interlinkage factor is 2 


(Assuming that u = 1) = (74) 

Between the conductors, the flux inter- 

links with the whole current (Fig. 127). 
Thus by a similar reasoning we get: 


a tof da, R 
Fie. 127. sae noes PR ed 
Le + 2 = 2 log : 
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The current in the inner conductor interlinks with the entire 
flux which is in the outer conductor but which is caused by the 
difference in m.m.f. in the inner and outer conductors. 

At distance x» the m.m.f. is thus 


Lo” — R? — Ro? == To" 
wi Rea ae aN I Re — FR? 

The interlinkage of this flux with the current in the inner con- 
ductor is, of course, unity, thus 
1 ("27 Ry? — x0" 4 3 2Ro? _ 1, Ro _ 1 
TJpucte otaih? = ashe et 

The inductance of the outer conductor should be subtracted 
to give the total inductance of the cable, since current in it is 
in the opposite direction. 

The m.m.f. is shown above to be 


hy 


lin = 


; oy fone) BAO Se ee 2 
. I4 = at Lo (Ro? = R?)? (ao —R )dxo 


LRGs Ry 2k? | Ro 
~~ 2 Ro? — R? Fi IT 
The total inductance L.= LZ, + L2 + Ls — Ls which is readily 
proven to be 


if R 2Ro? Ro 183R,? — R? 
L= 5 + 2 log — + (Ro? — Re: 08 R ~2 Rj? — Rk? *™ 


This inductance is expressed in the absolute system of units. 
By dividing by 10° the inductance is expressed in henrys. 


Problem 69.—Prove that there is no flux outside of the sheath, the flux 
set up there by the current in the sheath being exactly neutralized by the 
flux set up in the same space by the oppositely directed current in the 
inner conductor. 


Inductance of a Transmisson Line.—Let a transmission line 
be represented as in Fig. 128 by 2 conductors, A and B, of 
radius r. Let the distance between their centers be D. Each 
conductor surrounds itself with flux lines, the directions of which 
are indicated by arrows. The flux through any zone of width, 
dx, between the conductors, due to the current in A, is 
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where x is the distance of the zone from the center of A, and 
F,1s the m.m.f. due to A. 
Similarly, the flux through dz, due to the current in B is 


The flux due to both A and B is then 


igi OF aud| — +5]: 


D-« a mle ees : 
4 a aa dd aS 


The inductance due to the // % 74-~ = 
; 5 eer, Net \ 
interlinkages of the conductors lit COI } ' 
with the flux between them is \ | \ WE / Note Hehe 
< dx I 7 / 


: : : \ Be KK RH 
then, since F', = I in this case, Se Sie. ei Te ee Ve 


. 4S 
eas pe ralen ue 2/5 ee. g 
Re eee ee | 
D—- 4 D— ‘ 
= 4u log . em. or a log ——" henries per cm. 


To determine the total inductance per centimeter length of 
circuit, that due to interlinkage within the material of each con- 


ductor must be added. This has been found (74) to be ‘ for 
each conductor. Therefore, the total inductance is 


E (total) = 4u log oa + ucm. per em. of circuit (75) 


In practical formule, this becomes 


L = 0.000015 + 0.00014 logio 


r 


in henrys per 1000 ft. of wire, not 1000 ft. of circuit. 


Note that if the capacity between transmission lines is given 
Ae : 
in farads and the inductance in henrys Vine is only very little 


less than the velocity of light which is 3 X 10'° cm. per sec. or 
187,000 miles per second. 


Problem 70.—Explain the effect of increasing the size of the wire on the 


inductance of a transmission line. 
Similarly, explain the effect of increasing the distance between the wires. 


11 


CHAPTER XXIV 
DISTRIBUTED INDUCTANCE AND CAPACITY 


In the electric and magnetic problems dealt with so far it has 
been assumed that the electro-static and magnetic fields propa- 
gate with infinite velocity. In other words, it has been assumed 
that the instantaneous values of the currents and e.m.fs. are the 
same at all points of the circuit. This of course is practically 
true except in very long transmission lines, since the propagation 
of the electric and magnetic fields in a dielectric such as air is the 
same as that of light, or very nearly 3 X 10!° cm. per sec. or 
187,000 miles per sec., and along a transmission line it is re- 
tarded only a small percentage due to the fact that the current 
is not confined to the surface of the conductor. 

Assuming, however, that the transmission line is very long, 
say 300 miles, then the time interval between, say, the maximum 

one value of the current at the beginning 
Tet id Tamey dl ji 


— ed and the end of the line is evidently 
| léoo sec., corresponding in a 60-cycle 

ee system to approximately one-tenth of 
| 


a= one cycle, or, approximately, 36° in 
PESEOLESE time phase. 

It is thus seen that in a long transmission line not only do the 
instantaneous values of the currents and e.m.fs. vary from instant 
to instant, but at a given instant the values of the currents and 
e.m.fs. are different at different points of the line. 

This problem has been treated very completely by many 
authorities. The simplest solution appears to be that by STEIN- 
METZ,! which is largely followed in the succeeding paragraphs. 

Let Fig. 129 represent a long transmission line. Let ro = re- 
sistance per unit length of line, x» = reactance per unit length 
of line, go = leakage conductance per unit length of line, by = 
capacity susceptance per unit length of line, r = rol = total 
resistance of the line. Let dl be any small section of the line. 

Then assuming sine wave of current when complex representa- 


1“lectric Discharges, Waves and Impulses.”’ 
162 
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tion can be used, the current entering this section is J + dl. 
The current leaving the section is I. 
Thensi => dl — IS=<E (96 + jbo)dl is the small difference in 


current in passing through. dl, or is the combined leakage and 
capacity current across the section of width dl. This may be 
written 

dI = EY ,dl (76) 


Likewise, dH = I(ro + jxo)dl is the e.m.f. consumed by the re- 
sistance and reactance of the section dl, or 


dH = IZ,dl (77) 
(76) and (77) become, then, : 
dl ) 
eee | 
dE vs) 
= 12> | 
Differentiating these, 
PE dl 
Ge = nl 
hah dE 
dl erred ls 
dl dE 
Substituting values of => a and al from (78), 
iE | 
= EZ Yo 
dl? omer 
i (79) 
oh = nr, | 


Thus, the second differentials of # and J are found to be pro- 
portional to F and J, respectively. Since the two equations are 
similar, their solutions are similar, differing only in integration 
constants. 

The equations (79) are of the form 

d*y 
ae = ay, 


whose solution is : 
y = Ac V4 4 Bee Ve (80) 
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The equation of the current then becomes 


T= AclV%% 4. Be- VV 


or if, for the sake of briefness, A/ V5% = 


ia Aare (81) 
We also have, from (78), 
ara! 
B= yy @ (82) 
Differentiating (81), 
dl nar lo —lv 
he Ave!” — Bue (83) 


Substituting this into (82) 


1M x [Ave’” — Bre-"*] 


Vie 
oe ve [Ae — Be" (84) 
Representing the exponentials of (81) and (84) in series, 
Lege fps 
i A ———s — 
ee =1+uv4+ P => 3B 
: 12y2 [3y3 
tees — Be ny = 
€ lv + 2 B + 
Substituting these into (81) and (84) gives: 
Lv? [2y2 
De rie Nash cg ea : BB Bie jee 
2,2 
=A+B+b(A—B)+ (448) + oe, 
1u2 
=(A+B)(1+5)+(4-Blt+... 
and, similarly, (85) 


Ze Lp? 
B= yA — B)(1 + 5-) +b(A +B) +. ts 


If 1 is made any length counting from the receiving end of the 
line at 1 = 0, E = e, the receiving end voltage, and J = Jy, the 
load current, both of which may be known. 
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Substituting these values (85) becomes, for the receiving end, 


fA B } 
Zo 5 


By substituting these values of J; and e in (85) we get finally: 


I 


I 


e 


ri 


r=n(i+)+e Zi 


0 
lv 
0 


29)2 
(+) eer | 
ean 


Bait iy)+ had | 


where J and E are the values of current and voltage at any point, J, 


along the line. The current and voltage at the generator are 
found by substituting in (87) 


Te 
where Z and Y are the values of impedance and admittance for 
the entire line. The equations 87) become 


y 


I H(1 oh eA a2 
(88) 


Ey = ¢ duces LNA TZ 


YZ is found from the constants of the line, thus: 


I 


(g + 9b) (ry + jx) = gr + gjx + jor — be 
gr — bx + j(gx + br). 


Problem 71.—Transmission Line Calculation.—A 200-mile, three-phase 
transmission line is composed of three No. 000 B. & S. wires, and runs at an 
altitude of 1200 ft. where it may be assumed that the corona loss is 1 kw. per 
wire per mile at a potential difference of 125,000 volts between the lines. 


Vz 


Let H = 125,000 volts at receiving end, between wires; 
I = 100 — 50); 
f = 60 cycles; r = 64 ohms per wire; 

= 154 ohms per wire; g = 0.000038 per wire; 


a 
b = 0.00107 per wire; D = 10 ft. = 304.5 cm. between wires. 
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Check the constants of the line and find: 


Power per phase at the generator = Ey, 
Current per phase at the generator = Jo. 
Voltage per phase at the generator = Ep. 
Volt-amp. per phase at the generator = Holo. 
Ie 
Power factor at the generator ie. 7 : 
040 
Power per phase of the load = P, 
Volt-amp. per phase of the load = el. 
12 
Power factor of the load heat 
: alk 1e 
Efficiency of transmission =i 
0 
Voltage regulation = (Hy) —e) +e. 


Plot the voltage and current vectors for both ends of the line. 
Solution.—Resistance of No. 000 B. & S. wire, from tables, 
= 0.0605w/1000 ft. at 60°F. 
*.r = 0.0605 X 5.28 X 200 = 64 ohms. 


Tadagtansers 0.00014 lorie net B08 Sates 8 


aa 0.00014 logio 0.52 per 1000 

{t., where ro = radius = 0.5202 cm. 
.. L/1000’ = 0.00014 login 585 = 0.00014 X 2.767 = 0.0003874. 

L = 0.0003874 X 5.28 X 200 = 0.409 henry. 

X = 0.409 X 377 = 154.2 ohms. 

Cy MONO = = = 0.0074 X 0.361 = 0.002672 micro-farad 
logio 

C = 0.002672 < 5.28 X 200 = 2.82 micro-farads. 

b = 2nfC = 377 X 2.82 XK 10°* = 0.00107 

= W _ corona loss per wire 200,000 


e? ae (voltage to neutral) 2 = (72,250)2 = 0.000038? 


The current supplied from the generator is found from (88) to be: 


Vz eo 
lo =1(1 +54) + ey = (200 ~ 950) (1 +42) + ey. 


YZ = gr — be + j(gu + br); Y =g + jb; e = 72,250 


ies 


2 


Z 
YZ 
= — 0.081 + 0.037. 


j 
1 +5 = 0.919 + j0.037; eY = 2.741 + 777.3. 


Substituting values, 
I, = (100 — 750)(0.919 + 70.037) + 2.741 + 777.3 
= 93.75 — 742.2 + 2.741 + 777.3 = 96.49 + 735.1 = 102.5amp. 
‘The voltage to neutral on a balanced three-phase system is the line 


voltage divided by 1/3 = a 
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a : : : : Aes : 
The voltage at the generator terminals is obtained in a similar way, and is 


WZ 
Ey =e (1 a *) + IZ = 72,250(0.919 + 70.037) + (100 — 750) (64 + 7154) 
= 80,625 + j14,928 = 81,200 volts. 
The power per phase at the generator is, by ‘“‘telescoping”’ Holo, 


Po = oto + eo'i’ = 80,625 X 96.49 + 14,928 X 35.1 = 8200 kw. 


Ye 
ieicet, ile%0), 


The apparent power input to the line is 
Eo) = 81,200 X 102.5 = 8325 k.v.a. at the generator. 


The power factor at the generator is 


The power supplied to the load is 
P = et = 72,250 X 100 = 7225 kw. 


Fie. 131. 


The apparent power supplied to the load is 
Gla 72,250. x +/ 1002 + 502 = 72,250 X 111.9 = 8060 k.v.a. 


The power factor of the load is 


Ie 7225 
P.F. = 57 e.S080 an 0.895 
IP 1225 


Efficiency of transmission = P, ~ 8200 ~ 0.882. 
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: 81,200 — 72,250, 
Regulation = 72,250 = 12.4 per cent. 


The vectors Ho, Io, e and J are plotted to scale in Fig: 130. 


Problem 72.—Consider a circuit as shown in Fig. 131. Let the con- 
stants be: 


re= 0,01 ce—, 0,02 
fee = OHO Gi OL02 
ro = 0.01 xo = 0.002 


When the load voltage is e = 1, and the load current is J = 1 + 0.5), 


find the generator voltage, current, power factor, and the voltage and current 
of the branch (ro, Zo). 


CHAPTER-XXV 


NOTES ON THE MATHEMATICS OF COMPLEX 
QUANTITIES 


This chapter is inserted in order that the common mathe- 
matical operations shall be kept fresh in mind by review and 
frequent practice. It is very desirable that the student shall 
possess and retain facility in common, though not always fre- 
quent, operations. For instance: 

Solve */0.008, using log tables. 

Solve e~°?16 using log tables. 


Differentiate y = ax"; y = ae—*: 


yo = —Sin ve; = €0s-¢:: 


OB RA a oa 


SIs 


Find the log, and differential, of 4 — 3). 
Find V —3). 
Representation of Complex Quantities.—The general expres- 


sion for a complex quantity is A = a; + ja2. The numerical 


yu A 
c 
aa j 
xe 
a 
Era. 132% Te, See 


value, or modulus, of the complex is A = /a;2 + ay? and the 
4 a 
vectorial angle is tan~! a = = 
These various quantities may be represented as in Fig. 132. 
Then a, = A cos a; a2 = A sin a, whence A = A(cos a+j 
sin a) = Ae’, the latter relation being proved later. 


_Addition of Two Complex Quantities.— 


Let C= A+B (Fig. 133). 
, 169 
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Then 
C = a; + ja. + by + jbo 
= ay + by + j(a2 + be), 
and 
C = V (ai + bi)? + (a2 + be). 
do + be 
Tany = qe. 
Multiplication of Two Complex Quantities.— 
Let C a A x B. 
C= (a; + jae) (br 4 jb) 
pas ayby — debe + j(aibe + aeb1) 
and 


C = V (arbi — debs)? + (aibs + aad)? 
T = aibs + d2by 
eal abi ana Adobe 
Division of Two Complex Quantities.— 
A 
Let C = B 
(2 - + jas ie (ay + jaz) (by =, jb) 
bi + jbe by bby" 
a ab; ob dab — J(a2b1 = asbs) 
_ O17 bs? 


ayb1 + a) 2 ab; _ 1b» = 
fe v( Ganax Jerre a) 


T ee aod, ran abe 
int le aib1 + debe 


Similar processes may be carried out when the complex 
quantities are expressed in polar coordinates. 


and 


Multiplication.— 
C = AB = A(cosa + j sin a)B(cos 6 + j sin B) 
= = AB(cos o cos 8B +7 sin a cos 8 + cos aj sin 6 — sin asin B) 
= AB(cos (a + 8) +jsin(o + §)). 
Involution and Evolution.— 
2A A%%* = A%(cos 2a + j sin 2a). 
A” = A*(cos na + j sin na). 


n : 1 1 a Sa. a4 
VA An = An (cos - = sina °) (89) 


l 
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Since cos a = cos (a + 2rp) and sin a = sin (a + 2rp) where 
p is any integer, the simple complex expression should be written: 
A = Alcos (a + 2rp) + sin (a + 2rp)], 
where there is any question about the number of different 

solutions. 
In evaluating such expressions, a is in radians. 
Sin X and cos X may also be written as series,! in which 


; Eel a 
cha eames | te 
ae ze 
an 12 aac eee 
Example.—Calculate, from series expression, the value of 
sin 2°. Since the angle must be expressed in radians, 
UE 
= 360 = gq fadians. 


Substituting this value into the series, 

T 7° 1° 

90 6x 90° T 120 x 90% ~ 
The Roots of a Complex Quantity.—Using the more general 

expression, Eq. (89) may be written: 


1 
Miz an a + 2rp .. a+ 2rp 
VA =A [ cos ee ie | (91) 


To find the roots, put p = 1, 2, 3, 4, etc., and solve, continuing 
until repetition begins. 


Example.—Find V1 = VA, 


= 0.0349. 


a 2 = 


where 
A=1=1-+ Jo, 
0 
A=A(cosa+jsina)=1;A=1;n =4;tana a =0;a=0. 
Tabulating, and supplying values to (91): 
Dp Or 2 oo 
cos eEp ibs OE seat Om: 
4 
4. 4 : : ‘ ; : 
gj sin = a) 70 —jl 30 
VA bg —i---; J Fie. 134. 


The roots are represented as vectors in Fig. 134. 


1 Developed by Mactaurin’s theorem. 
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Exponential Representation of Complex Quantities.—The ex- 
ponent ¢«“ may be written as a series known as the exponential 
series, developed from Mactaurin’s theorem. 


Thus, 
U U w 
€ Sek fet ae ae z 

Let 
u = 70. 

Then, 

j0 j8 Ue 
=1+ 7 SF 9 “1 


jo 6? 768s 


6? 64 Wale 63 65 


These two component series are seen to be those of the sine 
and cosine (90). Hence (92) may be written: 
e” = cos 0+ j sin 0 (93) 
Since A = A(cosa +] sin a), 
substituting from (93), . 
A =Ae™, 
Thus, a third form of writing the complex quantity, A, has been 
developed. 
This last may be extended by letting A = e*°. Thus, 
A= Mit = ewtia 
in which the exponent is complex. 


Differentiation of a Complex Number or Vector.— 
Let 


A = Ae, 

then 
dA = Aje’“da + &dA 
= é'“[Ajda + dA] (94) 
Logarithm of a Complex Number or Vector.— 
log ¢ = ou; 
Bihan Ja 

We have 
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from (94), 
J*Ajda dAg= _ : dA 
Hees | Pereira Sihee: s fide + ue 
Sia 2p). log A. 


The logarithm of a vector has thus an infinite number of 
values. 


CHAPTER XXVI 
THE TRANSFORMER 


The alternating-current transformer is used to change electric 
energy from one voltage to another. This is done by interlinking 
two electric circuits having different numbers of turns with the 
same magnetic alternating flux. 

If the two circuits enclose exactly the same flux it is evident 
that the voltages induced in the windings will be proportional to 
the numbers of turns. If, however, as is the case, the flux is not 
exactly the same for each circuit, the ratio is slightly affected and, 
as will be shown later, the secondary voltage has a value differing 
slightly from what the ratio of turns would demand. 

When one circuit is connected to an alternating e.m.f., the 
other circuit being open, a current flows in that circuit (Fig. 
135). This current is called the no-load or the exciting current, 
and may be assumed to consist of two components, one of which 


tn e 
2-6 (44 ‘ ‘ 
g 


Inge, ei Rig. 136: Jee, BYE 


supplies magnetism to the core and is called the wattless com- 
ponent, while the other supplies power for hysteresis and eddy 
current losses and is called the power component. 

These component currents of the exciting current may be rep- 
resented as flowing in a circuit of resistance and inductance in 
parallel as in Fig. 136, where e is the e.m.f. which sets up these 
currents. They may be represented vectorially, as in Fig. 137. 
In the latter representation 7,,, in quadrature with e, produces 
the flux ¢, but no power; 2, in phase with e, supplies the core 


loss. The exciting current, Jo, lags behind e by an angle tan— = 


It is not strictly correct to represent the core loss by a resist- 
ance r, Fig. 136, with varying e, for part of the core loss is pro- 
portional to e!:* and part to e?. 

174 
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Neither is it correct to assume that the magnetizing component 
is proportional to the e.m.f., since the magnetization curve is not a 
straight line. However, in most cases, the variation of e is 
slight, and proportionality may be assumed without appreciable 
error. 


Fic. 138. 


The Transformer Diagram.—The relations of voltage, current 
and flux which exist in a transformer under normal operation are 
shown with great clearness by the aid of the transformer diagram. 
¢ represents the flux that interlinks with the primary and second- 
ary of the transformer; ¢; is the e.m.f. 
induced in the primary and secondary 
windings (assuming the same number 
of turns in each). This e.m.f. is 90° 
in time behind the flux, as is seen 
from Fig. 139 and by the following 


simple proof: Fie. 139. 
If 
@ = O, sin wi, 
then 
N d¢ N 


é == 103 die 108 w®P,, COS wt. 

1, is the secondary or load current which in this particular 
diagram is shown lagging behind the induced e.m.f. Jer, and 
Inx. are respectively the e.m.fs. consumed by the secondary 
resistance and reactance, J»rz being in phase with [2 and I2x2 being 
90° ahead of I>. ozo is the e.m.f. consumed by the secondary 
impedance, which subtracted vectorially from e; gives Hz as the 
secondary terminal voltage. 

The primary current may be assumed to consist of three com- 
ponent parts: the first I’;, which corresponds to the secondary 
current and is equal and opposite thereto; the second Jp, which is 
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the magnetizing current producing the flux ¢ and is in phase 
with the flux; and the third J;,, which is the power loss current due 
to the core loss and is in quadrature to the magnetizing com- 
ponent, that is, in phase but opposite to the induced e.m_f. ¢;. 

Tm and I;, combine in J9 which is the exciting current. 

To overcome the induced e.m.f. e; in the primary winding an 
impressed e.m.f. — e; is required. 

To overcome the resistance and reactance drop in the primary 
windings an e.m.f. J,z; needs to be supplied. Thus the pri- 
mary impressed e.m.f. H, is the vector sum of these. 

6, is evidently the angle between the primary current and 
e.m.f. 

6, is the angle between the secondary current and e.m.f. 

The total primary current, I eS de it I 00 

In phase with J; is the voltage, Tyr, consumed by the primary 
resistance, 71, and at right angles ahead of J, is the voltage, J,71, 
consumed by the self-inductance of the primary coil. 

These two voltages combine to form J,z;, the voltage consumed 
in the primary of the transformer. 

The total impressed primary voltage, F;, is the sum of 4 iZ 1 
and — e;. The angle 6; is the phase angle between HE, and fe L 

The transformer diagram is obviously not suitable for accurate 

calculation. For this purpose, another de- 


| ale velopment will be made. 
= ite Let there be two mutually inductive coils, 
one of them, called the primary, having N,; 
Sus. turns, 7: ohms resistance, and LZ, henrys in- 
”“ ductance, while the similar quantities of the 
Pra il0: other, or secondary coil, are No, re and Le 


respectively. 
Then, in Fig. 140, if the secondary current J; = 0, the primary 


: diy 
impressed voltage, €¢; = 7171 + Li re where e; and 7, are instan- 


taneous values of voltage and current, and ZL, is assumed con- 
stant. If a secondary current flows, there will be induced in the 


dis 
secondary ane.m.f. e; = — Le a The secondary induced e.m.f. 
per turn = — €& Le diz 
ae, N> dt 


If it be assumed that there is no leakage, that is, that all the 
magnetic flux links with both the primary and the secondary 
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coils, then the induced e.m.f. in the primary due to Jz must be 


N, dro 
Ne Lea 
Then, 
ie dN ends 
a= un + Ly dt ar Nz 1 dt (96) 


The sign of the last term changes from — to + because the in- 


duced e.m.f. must be overcome, or balanced, by an e.m.f. of the 
opposite sign. 


But 
N Eee 2 
y, b: = Vibe, 
for, from fundamental relations, 
Nido a1N 
Ly = 108i, and ¢1 = aa 
Substituting, 
N;2 
uae K 
Similarly, 
N22 
Ea = 708K" 
Then the ratio , 
Ly Nv Ms _ fis 
ame ae Nowe vie 
whence 
N hf i 
N, Ty ND a. 
(96) then becomes 
; di Speed 
é) = amit ina aP Wonlbe a 
Let ~/L,L, be denoted by M. 
Then, 
; ; da di 
6) = Li, SID wl = 171 + Ties 4" Me (97) 
Similarly for secondary, 
: di di 
@ = ita tli G+ Ma =0 (98) 


since no e.m.f. is impressed on the secondary coil. 

The constant, M, is called the coefficient of mutual induction, 
and may be defined as the number of interlinkages of flux with 
both coils of a mutually inductive circuit when unit current is 


flowing in one of the coils. 
12 
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Mutual inductance, like self-inductance, is measured in henrys. 

It does not always follow that M is equal to+~/Z,L.._ In fact, 
that condition is attained only when no magnetic leakage exists, 
which never occurs. If part of the flux set up by the primary 
does not interlink with the secondary, that part constitutes the 
primary leakage flux. Similarly, when current flows in the 
secondary, some secondary leakage flux is set up. Whenever 
there is leakage flux, 

M</Tily. 

Eqs. (97) and (98) hold at all times provided the proper value of 
M is supplied, and M is usually about 95 per cent. of VAP lic: 

Equivalent Transformer Circuit——The differential equations 
given above are not readily used, but, fortunately, STEINMETZ 
has evolved a simple treatment involving a diagram of simple 
series and multiple circuits, which, while not showing the physics 
of the phenomenon, lends itself to very simple and quite accurate 
treatment. 


He represents the transformer by a circuit which is shown in’ 
Fig. 141. 


I,=io +Jig 


inites, TG, 


Let the secondary or load current be Iz = 72 + jz’2, and let 
the secondary terminal voltage be es, the zero vector. 

Then the secondary induced e.m.f. EF; = eg + [oZ_. = €2 + tere — 
t'9%_ + I(t" ore + 122) =e + qe’. 

The exciting current is 

Loo a EY oo = (e + Je’s) (Goo + Joo) 

Jooes — booe’s + J(booe: + Gove’) 
ae too a jv o0- 


The primary current is 
qi ae Ts =| Too = 12 = too + j(7’s ate t' 00) = 1 + jt’. 
The impressed voltage is 
By = Ki; a IZ, =e ob Ur a7 wort (Co Gee ar) 
== 61-1 ge 1 
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From these values may be obtained: 


power output = Cele, 
power input = yt) + e111, 
ee : ower input = et ey" 
power factor at primary terminals = BOY er SUD tsa ts ea! a, 
volt-amp. E,l, 
. EH =, 69 
regulation! = +, 
€2 
Cale 


efficiency een ieee 

In using these equations 71, 72, 2; and 2%, are positive, boo is 
negative because the magnetizing circuit is necessarily inductive, 
72 is negative for lagging, positive for leading current. 

Transformers are rated on the basis of kilovolt-amperes, not 
kilowatts. 

Example of Transformer Calculation.—Given a 2200 to 220- 
volt, 60-cycle, 50-kv.a. transformer, in which r; = 0.97, re = 
0.0097. Assume that on test 98.5 volts on the ame produces 
full-load current in the oie 


circuited secondary (142, 
At no-load, with the es 
voltage (220) impressed on the 


secondary, the primary circuit 
being open, the watts input are 


P Ss 

W. = 1000, and the exciting S 

current Foo-= 12.25 amp. (Fig. > 
=O fr 


142, b). The percentage ri (b) 

drop in the primary is Fic. 142, 
22.7 X 0.97 - j 
Se 550) a 0.01 = 1 per cent. 


where 22.7 is the normal primary current. 


In the secondary, 


2, .0O 
per cent. rl drop = mal ae is 0.01 = 1 per cent. 


The total impedance, calculated from the short-circuit test 
(142, a), is 
98.5 
9277 
1This assumes H, equal to EH, at no load, which is not rigorously true. 
As a result of this assumption, a slight percentage regulation is obtained 
with zero load. 


Lenn = 4.35 ohms. 
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Total per cent. impedance drop, referred to the primary 
voltage, is 
22.7 X 4.35 
2200 


= 0.0448 = 4.48 per cent. 


Percentage total reactance drop is then V 4.48? Span per cent. 
total per cent. resistance drop = 1 + 1 = 2). 


Therefore, assuming primary and secondary percentage react- 
ances to be equal, 
per cent. x; = 2 per cent.; per cent. x2 = 2 per cent. 
Thus, on the percentage basis, or assuming é¢2 = 1 and7zz = 1, then, 


i, = OO x, = 0.02 
tT, = 0.01 Lg = OF022 


The core loss of 1000 watts obtained on test is supplied at 220 
volts by the component of no-load current, 7. 


ok 1000 
“th = 999 = 4.55 amp. 
The per cent. 7, of the secondary current is 
: 4.55 
per cent. 7, = 507 = 0.02 = 2 per cent. 
ey ea : 
-. Joo =o. Te es: 0.02 since e2 = e; approximately. 


The magnetizing component of the no-load current is obtained 
from Jo and the core-loss current. Thus, 


dn OV [opti tat = V 12.254) 4.55? 2911.85 amp 


} 11.35 
The percentage 7, = 7 = 0.05 = 5 per cent. 
. facie ri 
. boo — = LOS: 
€2 


Having obtained the above constants, values may now be tabu- 
lated to find the effect of variation of the load current with 
constant power factor. 


Problem 73.—Let power factors of 100 per cent., 80 per cent. lagging and 
80 per cent. leading be assumed, and let the calculations be made for 
secondary currents of 0, 0.5, and 1. 
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Tabulating: 
| 0.8 Lagging P.F. = unity 0.8 Leading 
erent 0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0 
Ws nocshae 0.0 0.4 0.8 0.0 0.5 1.0 0.0 0.4 0.8 
BPaccoone 0.0 |-—0.3 —0.6 0.0 0.0 0.0 0.0 0.3 0.6 
Were... 6. 0.0 0.004 0.008 0.0 0.005 0.01 0.0 0.004 0.008 
OPHO aca 6 0.0 |—0.006 |—0.012 | 0.0 0.0 0.0 0.0 0.006 0.012 
OSI RON 0.0 0.008 0.016 | 0.0 0.01 0.02 0.0 0.008 0.016 
Vator wan 0.0 —0.003 |—0.006 0.0 0.0 0.0 0.0 0.003 0.006 
Bas Sn taa 1.0 1.01 1.02 1.0 1.005 101 Le 0.998 0.996 
ee cri 0.0 0.005 0.01 0.0 0.01 0.02 0.0 0.011 0.022 
€igoo..... 0.02 0.0202 0.0204; 0.02 0.0201 0.0202} 0.02 0.01996) 0.01992 
er.booseeis 0.0 —.00025|—0.0005| 0.0 —0.0005 |—0.001 0.0 —0.00055 —0.0011 
POO ci sarcares 0.02 0.02045) 0.0209; 0.02 0.0206 0.0212) 0.02 0.02051! 0.02102 
GU ica oa!) Ls) 0.0001 0.0002; 0.0 0.0002 0.0004; 0.0 0.00022, 0.00044 
CAN aoage —0.05 |—0.0505 |—0.051 |—0.05 —0.0505 |—0.0505)—0.05 —0.0499 —0.0498 
WOOcnetre ss —0.05 |—0.0504 |—0.0508)—0.05 —0.05005| —0.0501, —0.05 —0.0497 |—0.0494 
0.02 0.5206 1.0212) 0.02 0.4205 0.82102 


—0.05 —0.05005|—0.0501,—0. 0.2503 | 0.55u6 
0.0538 0.522 1.022 | 0.0538 0.4965 | 0.988 
0.0002 0.0052 | 0.0102) 0.0002 0.0042 | 0.0082 

—0.001 0.0010 |—0.0010 —0.001 0.005 0.011 


1.0012 1.011 1.021 1.0012 0.997 0.993 


| 
i) 
r—) 
oa 


MiBleesboo —0.0005}—0.0035 |—0.0065)—0.0005 |—0.0005 |—0.0005)—0.0005 0.0025 | 0.0055 
Di@Pilg scene 0.0004} 0.0084 | 0.0164) 0.0004 0.0104 | 0.0208) 0.0004 0.0084 | 0.0168 
Cust Cees —0.0001} 0.01 0.02 |+0.0001 0.0199 | 0.0403)/—0.0001 0.0219 | 0.0443 
jifloc onaee 1.001 1,021 1.03 1.002 1.012 1.022 | 1.0013 0.9974 | 0.9932 
aestetehetels 0.0 0.4 0.8 0.0 0.5 1.0 0.0 0.4 0.8 

Gis oaobe 0.02 0.49 0.854 | 0.02 0.5265 | 1.041 | 0.02 0.419 0.815 
Aitken soe 0.0 |—0.003 |—0.013 | 0.000001/—0.001 |—0.002 | 0.000001; 0.0055 | 0.0242 
J Me rigensios 0.02 0.426 0.841 | 0.02 0.525 1.039 | 0.02 0.424 0.839 
BT savers 0.054 | 0.557 1.087 | 0.0538 0.5272 | 1.0404) 0.0538 0.494 0.975 
PARA ||) Oxad 0.762 0.772 | 0.372 0.995 0.999 | 0.372 0.859 0.86 

eae 0.0 0.939 0.951 | 0.0 0.952 0.963 | 0.0 0.942 | 0.954 
ROR ie ciel 0.00 0.021 0.03 0.00 0.012 0.022 | 0.00 —0.0026 —0.0068 


Problem 73a.—Write a discussion of the results obtained in problem 73 
for the three values of current and the three power factors. 


Approximate Method of Determining the Regulation, Effi- 
ciency and Power Factor of Transformers.—Let Iz = 72 + jt’2 be 


the secondary current. 
Then the primary current is approximately 


I, = 1G Seaue — jim =o 1 oy, + (t's = Vin) = 1} + jt’s. 
In the secondary winding only the secondary current, I 2, flows; 


in the primary winding, the primary current. The average cur- 
rent in the two windings considered as one is, then, 


is = te + 0.572, + q(t"s — 0.5%). 


If the secondary voltage, referred to primary, is the zero vector 
and is é, then the primary voltage is 


By = @€2 + TZo, 


182 ELECTRICAL ENGINEERING 


where Zy) = ro + jzo is the sum of the impedances of the primary 
and secondary referred to the primary. 
Ey = 6, + [to + 0.5%, + 7(2’2 — 0.5%n)] (70 + JX0) 
= @g + toro + O.5taTo — 0’2%0 + 0.5%mXo 
+ j(ixty + 0.5%,¢0 + 2’2ro — 0.5%mro) = €1 + Jes, 
and the real value of the primary voltage is, neglecting second 
power of small terms, 
Ey = Vex? + 2ea(iaro + 0.5taro — 2220 + 0.5%m%0) (99) 
Regulation is 


oF E 1 
E Hi on ee (100) 
€2 2 
ef Let £; and J, represent the primary 
ee e.m.f., and current, as in Fig. 143. 
Z| Then the power input is 
41 «@y z 
Fig. 148. a Fxl, cos @. 
But 
cos 6 = cos (a — 8B) = cos acos B + sin asin B 
e1 v e'5 


= x i x = : [tier + 21e7g]. 
Wag oN Bg ed iat OPN 
seed el Sey bes = (e121 + 2/1e’1) = ext) + 2'1€'1. 
ahy 
The secondary output Is ée7e. 
The primary input is e2; + e’121, 
= oti + tetiro + O.52n2170 — 020 1X0 + 0.5%m21X0 + tot’ 120 
+ 0.5 t,2" 19 + 0'02" 179 — 0.5%m2" 1179 
= €gl2 + Cot, + Io?ro, approximately. 
The efficiency is 


output _ €gt2 
input a Colo + Cnth + T2719 (tol 
Similarly, 
BE = 5 eet’ 2 =F Calm ar 1320, approximately. 
i iP Ty229 4. Ent = C50’ 
“. Tan 6 = 5 = 3 ee 
iret 'P I2?ro + e2tn + ote ee 


and cos 6; is the power factor of the primary. 


Problem 74.—(A) Determine the numerical values of the primary and 
secondary resistances and reactances; the core-loss current, the magnetizing 
current, the exciting current from the 1000-volt side, the core loss in watts, 


1 Based on H, = e; at no load for purposes of calculation, 
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and the short-circuit impedance when taken from the 1000-volt side, for the 
following, 1000-100 volt transformers. The primary and secondary re- 
sistance drops are each 1 per cent.; the primary and secondary reactance 
drops are each 2 per cent. 


The conductances, goo, and susceptances, boo, are calculated at 1000 volts. 


Rating in k.y.a. 10 20 40 | 80 | 160 | 320 
Oi cise Bos Gl RRO Oe Re eae 0.0002)0.0004/0.0008)0.0016)0. 00320 0064 
Doom eens tans aes, 0. 0006)0.0012)0. 0024/0. 0048/0 .0096)0.0192 


Problem 74.—(B) Find the power factor, regulation and efficiency of these 
transformers by the approximate method, assuming unity power factor of 
load. 

Problem 74.—(C) For any one transformer, plot the regulation and effi- 
ciency vs. power factor, and find the points of 0 per cent. regulation and 
maximum efficiency. ‘ 

(A) Solution for the 10 k.v.a., 1000-100 Volt Transformer.—Since, with non- 
inductive load (on the secondary) the primary voltage and current will be 
nearly in phase, the approximate primary current is 


10,000 v.a. 
Li 1000 volts AY 
rl drop = 1 per cent. = 0.01 X 1000 volts = 10 volts 
10 volts 
n= 10 amp. =3 jl lenin 


Similarly, 
%1 = 2 ohms. 
a2 = 0.02 ohm. 
The core-loss current is 
th = egoo = 1000 X 0.0002 = 0.2 amp. 
Magnetizing current is 
im = eboo = 1000 X 0.0006 = 0.6 amp., lagging. 
*. no-load current is 
Too = Vin? + im? = V/0.04 + 0.36 = 0.632 amp. 
The core loss is 
€2go0 = 1000? X 0.0002 = 200 watts. 
The short-circuit impedance is 


N1\ 2\ 2 N1\ 2\ 2 
Z= V(r +r(¥) ) + (x: +2(¥) ) 
= \/22 + 4 = V/20 = 4.47 ohms. 
(B) Solution.—E, = 1000 = +/ es? + 2ea(taro + 0.5%yro + 0.5 immo) 
Tabulating for equations (100), (101), (102): 
Kw. 10.0 Cote 9820.0 
IT, = 12 10.0 Cath 196.4 
Ty 10) 422 100.0 
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(2) i 1.0 ite 200.0 
ne 
To 220 Eff. 0.961 
Xi 2.0 12720 400.0 
(“) "ta 2.0 exim —589.2 
Xo 4.0 te2x9 + €2lm —189.2 
defo 20.0 Cot. + €oth + 2210 10,216.4 
tp 0.2 tan ¢ —0.01853 
0.5 taro 0.2 P.F. = cos ¢ 0.9998 
Os —0.6 
0.5 imXo —1.2 
e2 982.0 
m 1.018 
Reg. 0.018 


(C) Solution.—In finding the efficiency and regulation it makes no differ- 
ence in the results whether the problem is solved on the percentage basis or 
by supplying numerical values for any given machine. 

The former method is more general in its application, and it will be used 
here, percentage values being taken from the data of the 10-kw. transformer 


and applied in formule (100) and eae 


The percentage data then, are: 


Lyle lo aa, 


= 0.02, tm 


—0.06, ro = 0.02, xo = 0.04 


% Regulation 
i 
_ o 
% Efficiency 
i 
So 


0 0.25 0.50 0.75 1.00 0.75 0.50 0.25 
Lagging Leading 


Power Factor 


Fie. 144. 
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CHAPTER XXVII 
HYSTERESIS AND EDDY CURRENT LOSSES 


Hysteresis Loss.—The hysteresis loop is interesting in that it 
indicates by its area directly the work done on the electromagnet 
per cycle of change of current. 

The work done in an electric circuit has been shown to be 
JS eidt. If T is the time of the cyclic variation of current then, 


fe 


Wi= feiat, is the work performed during the cycle. 
0 


But the induced e.m.f. in a winding of N turns is 


= ae a “, where ¢ is the rate of change of flux. 


Hf hy . 
‘._W=- eee dt. But ¢ = SB, where S is the cross- 
or LOtndt 


sectional area of the magnetic circuit in square centimeters. 


, TN Si dB 
We -{ Tene 


Also the magnetizing force is: 


where 7 is given in amperes. 
Thus, 


and, substituting this value, 


: MEE Sl , 
ee -{ Cdr X 108 at @ = - areal ge 


But SI is the volume, V, of the magnetic structure. Thus, 


V * ; 
W=- mec HdB joules per cycle. 


LT 
i HdB is the area of the hysteresis loop corresponding to 
0 


maximum density, B, as seen from the loop. The work is given 
in joules per cycle. 
186 
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STEINMETZ found that the hysteresis loss in watts could be 
expressed (approximately) by the following equation: 


a nVf{By}® 
ue = 108 


where V is the volume and 7 is a constant which depends upon 
the quality of the iron. The equation shows that the loss is 
proportional to the 1.6 power of the maximum density and 
directly proportional to the frequency. In centimeter measure- 
ments 7 varies from 0.001 to 0.002 in ordinary sheet iron and 
may be 10 times as great in tempered steel. In the best silicon 
steel it is 0.0006, which corresponds to 0.54 watt per Ib. at 60 
cycles and a density of 64,500 lines per sq. in. or 10,000 lines 
per sq. em. 

Eddy Current Loss.—Eddy currents differ in no way from other 
currents, and the loss of power by them is therefore 7?R or if E 
is the e.m.f. causing the current and Z is the impedance of the 
path, then, 


Ww 


and the loss is 


It follows, then, that the loss is proportional to the square of the 
e.m.f. or, what is equivalent, to the square of the maximum 
density and to the square of the frequency, since the e.m-f. 
itself is proportional to the frequency of flux variation and the 
maximum density. 

Even in the simplest cases it is difficult to calculate the loss 
since the distribution of the flux and, therefore, the e.m.f. in 
different parts of the material is often very complex. 

Consider as an illustration the simple case of eddy current 
- loss in transformer steel. The cores are 
built up of laminations in such a way that 
the flux path is divided up into a number 
of elements each having the section of the 
edge of a lamination and following parallel, 
or as nearly so as possible, to the sides of 
the laminations. 

With the flux entering, as is shown in Fig. 145, currents will 
flow as indicated by the dotted lines. The current flowing 
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: siege ie L 
through a section of area /l,dz encloses a flux which is a? where 


¢ is the flux passing through the entire area of one lamination 
(assuming uniform flux density).! 
The effective value of the e.m.f. induced is 


4.44 X flux X turns X frequency _ V2r 2 of 


108 108d 
The resistance of the path, neglecting that of the ends, is 
2p 
l,dzx 
nes V/ 2r2x4fl idx iz V/ 2m bfl,x (dx) 
ao sein Ofd io. cae eet 8d) eee 


where p is the specific resistance of the material. 


‘, ?r in the elementary circuit is 


Qr2h*fl2a°(dx)? x Ql _ 4r2G?f*L,42(dx) 
10*6q2/22" ii(dz)~ 10°*d%p 


and the total loss is 
d 


wa. (24rePber(de) _  ¢*fthd 
Tha) 10°@Ip «6 X 10'Ip 


Since the volume is ll,d, the loss per em.* is 


W _ aw d*frlid v, wr. Sas ee ; 
Via 6 O10 lp USS Ld eG al Olea 


But @ = BX ld. <. 6% = Bltd* 


watts per second. 


and 
W os Bd f? Ee 1° B*f2d? 
V 6X 108% ° =~=6 xX 1016p 


watts per cu. cm. 


: F 1 
p for sheet iron is about 108 ohms. 


‘For a more complete discussion see “ Advanced Electrical Engineer- 
. 7 
ing. 


CHAPTER XXVIII 
WAVE DISTORTION IN TRANSFORMERS 


If on a transformer containing no iron a sine wave of e.m.f. 
were impressed at its terminals, the flux and the exciting current 
would also follow sine waves. 

With the introduction of iron, however, while the flux values 
would still follow a sine wave, or very nearly so—being distorted 
only due to the ohmic drop of the distorted current—the exciting 
current wave would necessarily be considerably distorted. 

Its shape is shown in Fig. 148, which is derived from the hyste- 
resis loop given in Fig. 147. 

Conversely, if by some arrangement the exciting current were 
made to follow substantially a sine wave, the flux wave, and 
therefore the wave of voltage across the transformer, would be 
greatly distorted. 

This distortion in current or e.m.f. waves is of considerable 
importance in connection with the grouping of transformers in a 
three-phase system, as will be seen later. At present, however, 
only the condition in a single-phase transformer will be studied. 

A representative hysteresis loop is shown in Fig. 147, which was 
obtained from actual tests with a sine wave of impressed e.m.f. 
The test data are recorded in Table VI. 

If the effect of the ohmic drop be neglected, then the impressed 
and counter, or induced, e.m.f. are the same numerically and 


where JN is the number of turns and ¢ is the flux. 
With a sine wave of flux ¢ = ®,, sin at, 


do 
Re ®,,@ COS wl. 
’¢ = — Now®,, cos wt = — EH, cos at. 


The induced e.m.f. has its negative maximum when the flux 
begins to rise, and lags behind the flux by 90 time degrees. Thus 
189 
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the impressed e.m.f., #, which is equal and opposite to the induced 
e.m.f., leads the flux by 90° (neglecting the zr drop), Fig. 146. 

If instead of being a sine wave the flux were distorted and yet 
symmetrical, it would be represented by Fourrmr’s series of odd 
harmonies, thus: 

¢ = ®,, sin wt + ;,, sin (Bet + a) + &;,, sin (Swt+ B) +... 
‘ do 
oC N dt 
The e.m.f. wave would be relatively 
more distorted than the flux wave as 
is evident from the coefficients of the 
different trigonometric terms. 


l| 


= — ,,,0 cos wot — 383,,w cos (Bet + a)—... 


Time 
—_—__> 


Fia. 146. Fie. 147. 


When a hysteresis loop is given, if either the flux wave or ex- 
citing current wave is known, the other may be at once obtained. 
For example, let the flux wave be assumed to be sinusoidal. 

TasLe VI.—Hysteresis Loop Data 


Ord. | Abs. Abs. 
0.0 0.5 —0.5 
OFZ 0.56 —0.43 
0.4 0.63 —0.32 
0.6 Oza —0.18 
0.8 0.82 0.08 
0.9 0.9 0.35 
1) 1.0 120 
ExciTiIna Current Data 

Time Flux too 

0 0.0 0.5 
10° 0.174 OnDD 
20° 0.34 0.6 
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The exciting current data are obtained from the hysteresis loop 
by reading off the current values corresponding to the flux values 
which have been taken at uniform intervals along the flux wave. 
Thus, at 0° on the flux wave ¢ = 0. This value of ¢, on the 
hysteresis loop, corresponds to to) = 0.5 amp. At 10° on the 
flux wave, ¢ = 0.174. This value on the loop corresponds to 
too = 0.55, etc. Data for the exciting current are given in Table 
VI. It should be noted that the flux 
maximum and current maximum always ? 
occur at the same instant. ue 

The phase relations and character- 
istic current wave shape for a sine wave 
of flux are shown in Fig. 148 Theim. Fic. 148. 
pressed voltage wave leads the flux by 
90°. The scales to which the waves are plotted are quite in- 
dependent of each other, and should be so chosen as to exhibit 
the waves most clearly. 

When the induced e.m.f. is not a sine wave, the flux wave is 
also distorted. In this case the impressed e.m.f. 


dp 
e= N ae 

Transposing, 
edi = Ndd¢, 


‘where N is the number of turns. 


t = te p2 
{eat = | Ndd¢. 
t=t1 pi 


If t, is chosen as the time when ¢ is zero, and fz is the time when 
¢ is maximum, then 


1 = te PEIN, 
fat Jae = a 


This equation shows that the maximum value of the magnetic 
flux or flux density—in which the electrical engineer is very much 
interested, since it determines the magnetizing current and core 
loss—is proportional to a certain area of the e.m.f. wave, and it 
remains to determine where this area is located. 


Hence 


d¢. 
When the flux is a maximum then —- di is zero; thus e is zero. 
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The value of fz is therefore easily ascertained, as is shown in Fig. 
149. 

The ordinate through ¢; must bisect the e.m.f. wave in order 
that the flux wave be symmetrical, as 
can also be seen by slight consideration, 
since the flux wave must besymmetrical 

Af above and below the zero line. 
Thus, in finding the flux wave, the 
t: te : : 
: first step is to bisect the area of the 
Fig. 149. : ; : 
e.m.f. half-wave, which gives the posi- 
tion of t; and the zero of the flux wave. 


Problem 75.—From the following readings on a distorted e.m.f. wave 
obtain and plot the flux and current waves. 


Norr.—Choose a seale to give ®y, = 1. 


t ej t | 3 

Os 0.0 100° 0.73 
10° 0.005 110° 0.90 
20° 0.01 120° 1.0 
30° 0.04 130° 0.98 
40° 0.1 140° 0.91 
50° 0.15 150° 0.78 
60° 0.22 160° 0.5 
70° 0.31 170° 0°12 
80° 0.42 180° 0.0 
90° 0.58 


Solution.—By bisecting the area of the e.m.f. half-wave it is 
found that the zero of the flux wave will be at 120° in this ex- 
ample. This is also the point of maximum e.m.f. Starting 
from 120° and tabulating values proportional to the areas 
enclosed for each 10° gives values proportional to the flux when 
these areas are successively summed up. Thus at 120°, flux = 0. 
At 130°, the area enclosed between 120° and 130° ordinates and 
the curve and base line is proportional to the mean ordinate, say 

( 
ae = 0.99. At 140°, the mean ordinate between 130° 
and 140° is 0.95. 
The area from 120° to 140° is proportional to 0.99 + 0.95 = 


1.94. Thus, three points on the curve are obtained, namely, 
0, 0.99, 1.94, 


WAVE DISTORTION IN TRANSFORMERS 


193 


These values may conveniently be reduced by a factor to 
bring the maximum of the flux wave to unity. 
The tabulation is as follows: 


t IPO? |) Ueto || Te Key 150° 160° AO 180° 
CBs 1.00 |} 0.98 | 0.91 | 0.78 0.50 On12 0.0 
TANTS: RNAi ah naerasae peek La aia ar OE) I) Oa |) WO steys) 0.64 0.31 0.06 
IAT eas eee ey ertaahs ok 0.0 0.99 | 1.94 | 2.79 3.43 8357/4! 3.8 
OL 63m qancaceeanea ORO Ose | Wal | On 7eks |) OCU |) O08 | i Oo 
t 190° 200° PAO 2205 2302 240° 
Occ Rae —0.005 | —0.01 —0.04 | —0.10 | —0.15 | —0.22 
JS areas —0.0025) —0.0075; —0.025| —0.07 | —0.125) —0.185 
PAPC A ear leie lextis 3.8 3.79 Bold Bac Bai! 3.39 
0.263 X area.. 1.00 0.997 0.992 0.975 0.94 0.893 
t PAO 260° PO? 280° 290° 300° 
GRE eal meres —0.31 —0.42 —0.58 | —0.73 | —0.90 | —1.00 
JING Be & NAT es meee —0.265 | —0.365 | —0.50 | —0.655) —0.815) —0.95 
IAT CARE Bytes 3.12 2.76 2.26 1.6 0.785) —0.165 
0.263 X area.. 0.822 Onis 0.595 0.421 0.206 0.0 
1.0 
li | 
0.6 7 4 
Ag 
4: J 
0.4) + 1 1.3 & 
ey be 
o 0.2 
3 | 
re) on 20 80 20 160 a 
4 -0,2 
-0.4 
-0.6 
-0.8 


18 


Angular Displacement 


Fie. 150: 


194 ELECTRICAL ENGINEERING 


The tabulation is carried out for values of e; from 120° to 
300°, values from 180° to 300° being the same as from 0° to 120° 
but reversed in sign. 

The flux wave is then plotted from 0° to 120° by reversing the 
sign of the values of flux obtained from 180° to 300°. These 
waves are shown in Fig. 150. 


Problem 76.—With three-phase systems, the exciting current of Y-con- 
nected transformers resembles fairly closely a sine wave. Assuming, 


Iie, istil, 


therefore, a sine wave of exciting current, determine the flux wave from the 
hysteresis loop (Fig. 147), and from this find and plot e;. These waves 
are shown in Fig. 151, in which the characteristic form of the induced vol- 
tage, e:;, is noteworthy. 

Problem 77.—Analyze, by Fourtmnr’s series,” the typical wave of exciting 
current shown in Fig. 148, determining and plotting the fundamental and 
third harmonie and, if sufficient time is available, also the fifth harmonic. 


Dependence of Core Loss on the Shape of the E.M.F. Wave.— 
The core loss of a transformer, which is due to hysteresis and 
eddy currents in the iron core and is equal to e;?go0, depends on the 
maximum value of the flux, since the greater the maximum flux 
the greater the area enclosed by the hysteresis loop. In modern 
transformers, hysteresis loss is about 70 per cent. and eddy current 
loss about 30 per cent. of the core loss. 

But ©®,, depends upon the area of the e.m.f. wave, as has been 
illustrated in the problems, and hence on the average value of 
the e.m.f. 

Hysteresis loss is approximately proportional to the 1.6th 
power of the maximum flux. 

Thus, if a comparison is made of two e.m.f. waves of equal 
effective value, but of different shape and average value, the 
ratio 


Hysteresis loss in wave A (oe e.m.f. of “) £6 
Hysteresis loss in wave B  \av. e.m.f. of B 


1 This is demonstrated on p. 228, Chap. XXXII. 
2See Chap. XXIX. 
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By definition, 

effective e.m.f. 
average e.m.f. 
. Hysteresis lossin A _ ee ee 
’* Hysteresis loss in B Lf.f. (A) 


Therefore, the higher the form factor the less the core loss. 
The form factor of a sine wave is 1.1. In general that of a flat- 
top wave ts less; of a peaked wave, more. 

Wave A (Fig. 152) has maximum core loss. 

Wave B has minimum core loss. 


Form factor (f.f.) = 


B 
A 


Waves of e.m.f. 


IMC 1, 


CHAPTER XXIX 


DISTORTED WAVES 


° 

It is often necessary to express a distorted wave in the form 
of an equation. This can readily be done since it has been 
found that any periodic univalent curve can be expressed by a 
series of terms involving a constant and sine and cosine terms. 
That is, 
y= 0 + a1 cos 6+ a,cos 20+ :. ..... . $n cos 0 

+ bisind+besin2¢6+ ......... +bnsinné (103) 
represents any distorted wave in which for every value of 
abscissa only one ordinate exists, provided that the abscissa 
is so chosen that the curve repeats itself at a value of 6 = 27, 
z.e., the wave is periodic. 

Obviously, if the distorted wave is given graphically it is 
always possible to read off the ordinate corresponding to each 
abscissa (Fig. 153). 


Fre. 1538. 


The problem then resolves itself into finding the coefficients 
Qo, G1, Gn, Do, b1, bz in (108). 

To do this a mathematical transformation has been worked 
out involving convenient integrations and the fact that sines 
and cosines have the same values at 6 = 0 as at 6 = 27 or any 
multiple of 27, that is, 27m, where n is an integer number. 

To find ay integrate Eq. (103) between 0 and 2r. Thus, 


{ yde =f cul +f i COS) 00 0a ee ip Ga 
0 0 0 0 


cos nédé +f Daasi0N Od 0s |f b, sin nédé. 
0 0 
196 
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From what has been said above, all integrals except the first 
must be zero. Thus 


2a 20 
{ yde =( A180 = ao(Qr — O) = rap. 
0 0 
, il 20 
7. Ay = raf yde. 


2a 
But { yd@ is the area of the curve during one complete 
0 


period and 2r is the abscissa. 

", a is the average value of all the ordinates, or the average 
value of y. 

To determine any other coefficient, for instance a,, Eq. (103) 
is multiplied by cos né and integration is again carried out be- 
tween limits 0 and 2r. 

In this case it is also remembered that the integral over one 
period of any product of sine and cosine terms is zero. 


29 20 24 
: if y cos néd@ = af cos nédé@ + af cos n6 cos 6dé 
0) 0 0 


20 2a 
are oe ak. anf cos? néd@ + bf cos n6 sin 6dé6- 
0 0 


20 
4 bf cos n6 sin nédé. 
0 


All these integrals on the right-hand side must be zero with 


the exception of 
20 
anf cos? nédé, 
0 


and this integral, as is readily seen, is = 7. 


1 21 
sae, Cn = Lf y cos nédé. 
UD 


But Sy cos n6dé is the area, not of the original curve, but of 
another curve which is obtained by multiplying each value of y 
by the particular value, at phase angle 0, of cos n@. 

Since that area is divided by z the integral must be just twice 
the average of the instantaneous values of y, multiplied by cos né. 

; . dn = 2X avg. of y cos n@ between 0 and 2r. 

In a similar way all values of b are obtained so that, 

bn = 2X avg. of y sin n@ from 0 to 27. 
Qe 
oe Oy = Ave. (Y)lo 
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\2ar 


a, = 2X avg. (y cos 6) 9 
2 


wT 


ay = 2X avg. (y cos 26)|o 
20 

d3 = 2X avg. (y cos 36)\y 
2a 

2X avg. (y cos né) ke 


ie 


b; = 2X avg. (y sin 6)'9 


Q 
3 
I 


2a 


0 
ee 


2X avg. (y sin n8)\o 


bs = 2X avg. (y sin 26) 
bn 


It should be noted that dividing the curve up, say every 10° 
from 0 to 360°, 37 readings are obtained. It is better then to use 
36 and to take the average value of the values at 0° and 360° 
instead of using both of them. 

In a symmetrical wave only those harmonics can exist, which, 
with an increase of the angle by 180° or z, reverse the sign of the 
function. 

This is only the case when n is an odd number. Since, if 7 is 
2, 4, 6, etc., then increasing the angle by 7 means 2r, 47, 67, etc., 
and the values of the sine and cosine are the same for a, (a + 27), 
(a + 41), etc., whereas if n = 1, 3, 5, etc., we get, z, 37, 57, in 
which the sign of the function reverses. 

If sin @ is positive, then sin (a + 7) is negative. 

If cos a is positive, cos (a + 7) is negative, ete. 

Thus, for symmetrical waves such as are given by alternators 
under stable conditions, the trigonometric series becomes: 


y = a,cos@+ a; cos 36 + a; cos50+ .. .+06, sin é 
+ b3 sin 36 + b; sin 56 + 
Obviously, in that case, it suffices to analyze one-half a wave 
only.! 


Problem 78.—Plot the wave, 
e = EH, sin 6+ E; sin (36 + a), 


for 
Bh I A 1 
EB; = 0.5 
a = 30°, 


and analyze the wave, proving that the analysis gives the original equation. 
Show also that no 5th harmonic exists. 


‘For a more complete discussion of this method of wave analysis see 
STEINMBTz’s ‘ Engineering Mathematics.” 
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Tabulating: 

6° 0 10 20 30 40 50 60 | 70 80 90 
I SHUO osoce opine 0.0 | 0.174) 0.342) 0.50 | 0.643] 0.766] 0.866, 0.94 | 0.985) 1.0 
DOr a ern 30.0 | 60.0 | 90.0 |120.0 |150.0 |180.0 |210.0 |240.0 |270.0 |300.0 
Sin (30 + a)..... 0.5 | 0.866} 1.0 |. 0.866) 0.5 | 0.0 |—0.5 |—0.866|—1.0 |—0.866 
Ez sin (30 + a)...| 0.25 | 0.433) 0.5 | 0.433] 0.25 | 0.0 |—0.25 |—0.433/-0.5 |—0.433 
Oncae One eee aoe 0.25 | 0.607| 0.842} 0.933) 0.893} 0.766] 0.616] 0.507| 0.485) 0.567 

| 

6° 100.0 | 110.0 | 120.0 | 130.0 | 140.0 | 150.0 | 160.0 | 170.0 | 180.0 
Px SIN Saceisiccosis ths 6 0.985) 0.94 | 0.866) 0.766; 0.643) 0.50 | 0.842) 0.174) 0.0 
BY) ae era ee 330.0 |360.0 | 30.0 | 60.0 | 90.0 /120.0 |150.0 |180.0 |210.0 
Sin (36 + @)..... —0.5 | 0.0 | 0.5 | 0.866] 1.0 | 0.866] 0.5 | 0.0 |-0.5 
Es sin (30 + a@)...|—0.25 | 0.0 | 0.25 | 0.433) 0.5 | 0.433! 0.25 | 0.0 |—0.95 
Cacia teker eee | 0.735) 0.94] 1.116] 1.2 | 1.143] 0.933) 0.592| 0.174/—0.25 


Analysis.—d) must be zero because the wave is symmetrical above and 
below the center line. ‘The coefficients of the fundamental cosine and sine 
waves are found from 


a, = 2 X avg. e cos 9, 
bi = 2 X avg. esin @. 


6 Cos 0 e e cos 6 ’ Sin 6 e sin 6 
0 10 0.25 On25 0.0 0.0 

10 0.985 0.607 0.598 0.174 0.1057 
20 0.94 0.842 0.792 0.342 0.288 
30 0.866 0.933 0.808 0.5 0.466 
40 0.766 0.893 0.685 0.643 0.575 
50 0.643 0.766 0.493 0.766 0.587 
60 0.5 0.616 0.308 0.866 0.534 
70 0.342 0.507 0.173 0.94 0.477 
80 0.174 0.485 0.0844 0.985 0.478 
90 0.0 0.567 0.0 @) 0.567 
100 —0.174 0.735 =02128 0.985 0.725: 
110 —0.342 0.94 —0.322 0.94 0.885 
120 —0.5 Th TAKS) —(0.558 0.866 0.966 
130 —0.643 ib? —0.772 0.766 0.920 
140 —0.766 1.143 —0.875 0.643 0.735 
150 —0.866 0.933 —0.808 0.5 0.466 
160 —0.94 0.592 —0.556 0.342 0.202 
170 —0.985 0.174 —0.171 0.174 0.0303 
180 —1.0 —0.25 —0,.25 0.0 0.0 
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The sum of the 18 cosine readings, using the average of 0° and 180° as 
one, is — 0.2486 and the average value is — 0.0138. 
Thus, 
@, = 2 X avg. = — 0.0276. 
Similarly, the sum of the sine readings is: 9.007 
The average is 0.5004, 
Thus, 
bi = 2 X avg. = 1.0008. 
The coefficients of the 3d harmonics are found from, 


a; = 2 X avg. e cos 38, 
bs = 2 X avg. esin 38. 


7 7 
0° 30 Cos 36 e cos 36 Sin 30 e sin 36 


0 0 1.0 0.250 0.0 0.0 
10 30 0.866 0.525 0.5 0.304 
20 60 OFor 0.421 0.866 0.730 
30 90 0.0 0.0 1.0 0.933 
40 120 SU —0.447 0.866 0.774 
50 150 —0.866 —0.664 0.5 0.383 
60 180 SO —0.616 0.0 0.0 
70 210 —0.866 —0.439 —0.5 —0.254 
80 240 = ()iO) —0.242 —0.866 —0.420 
90 270 0.0 0.0 Si) —0.567 
100 300 0.5 0.368 —0.866 — 0.637 

110 330 0.866 0.815 =WLS —0.470 
120 360 1.0 TG 0.0 0.0 

130 390 0.866 1.040 0.5 0.600 
140 420 0.5 0.571 0.866 0.990 
150 450 0.0 0.0 1.0 0.933 
160 480 == (ere —0.296 0.866 0.513 
170 510 —0.866 —0.151 0.5 0. O87 
180 540 —1.0 0.250 0.0 0.0 


The sum of the 18 cosine readings is 2.251. The average is 0.125. 
[mas = 2 Ave. = 0.20; 
The sum of the sine readings is 3.899. The average is 0.2165; 
50 De = 0:4333 
The exercise of proving that no 5th harmonic exists is left for the student. 


Summing up the values already obtained, the equation may be written: 
e =— 0.0276 cos 6 + 0.25 cos 30 + 1.0008 sin 6 — 0.433 sin 36 


which is, approximately, 


y = sin 6 + 0.433 sin 36 + 0.25 cos 30. 
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The second and third terms may be combined or added, being in quad- 
rature, by the vectorial method in which 


Asin 6 + Beos@ =~/ A? + B?sin (6 + a), 


where 
ie ke 
an a = | 

Thus, 


0.433 sin 36 + 0.25 cos 30 =~/0.188 + 0.0625 sin (30 + a) 


te 0H 


= C . == =f 222 
0.5 sin(39 + a), where a = tan 0.433 


The complete wave is, therefore, 
e = sin 6 + 0.5 sin (80 + 30°). 


The wave is shown plotted in Fig. 154, in which also the component 
waves are indicated by the dotted lines. 


Current, Power, Voltage ( x 10) 


CHAPTER XXX 
MECHANICAL STRESSES IN TRANSFORMERS 


It is recollected that a mechanical force is exerted on a con- 
ductor carrying current if it is placed properly in a magnetic field, 
the force being 1 dyne per cm. of conductor per abamp. in a field 
intensity of 1 line per sq. cm. provided the field is at right angles 
to the conductor. 

Referring to Fig. 155, which represents the cross-section of a 
transformer, it is evident that the main flux which interlinks with 
both the primary and the secondary windings and is confined to 
the iron does not cut through any part of the windings carrying 
current, but that the leakage flux more or less completely cuts the 
windings and therefore is responsible for a force which tends to 
warp the coils out of shape and thus todamage them. The deter- 
mination of the mechanical stresses resolves itself therefore largely 

into the calculation of the leakage 
flux or leakage inductance of the 
(Fa SZ transformer. 

To calculate the leakage induc- 
tance of the secondary coil, con- 
sider this made up of the interlink- 
ages of flux with turns in the space 

Fie. 155. occupied by the secondary coil 

itself, plus the interlinkages of the 

flux between the coils with all of the secondary turns. Similarly 
with the primary. 

Approximation of the Leakage Inductance of the Secondary.— 
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In Fig. 155, a portion of the coil of depth x, has N2 : turns, where 


a is the total depth of the coil, and N, is the total number of 
secondary turns on 1 leg of the transformer. 
The magnetomotive force of this part of the coil is 


x 
amen, — Shao me I, = abamperes. 


The flux which this m.m.f. produces is 
4rI.N » v 


Dalen 
202 


hve = 
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where p is the reluctance, and p = —— = —— when we con- 
area mdz 


sider only the flux which passes through the small area of width 
dx and length m. mis the length of a turn at distance z in Fig. 
155. It is almost impossible to determine accurately the length 
Io. It is the equivalent length of the lines of force which going 
through section mdz return upon themselves. Part of these lines 
can be readily traced. They go almost straight across the trans- 
former windings of length l,; then they spread apart, and the 
equivalent length, as a result, is relatively short. Then, the 
majority of the lines enter the iron and their reluctance is insig- 
nificant. Some, however, enclose the winding that is outside of 
the iron and these meet with considerable reluctance. Therefore, 
it might be fairly conservative to assume Jo, the equivalent length, 
as | the height of the ‘“‘window”’ of the transformer. 

If mz is the mean length of a secondary turn, this may be sub- 
stituted for m, thus 

l 

~ med 


Then the flux in any elementary band, dz, is 


MmModx x 


l 


This flux interlinks with =N 2turns. Therefore, the interlink- 


dd’ = 4rI.N2 


Molt & «x 


ages with the flux = 4r/,N2 Re yor No», and the inductance due 


to the interlinkages within the space occupied by the coil is 


le a 
IGG => AmloN o2me —> dx = Ar N 2 
0 


Moa 
LxX3 


Ibs al ee 


To determine the inductance due to the flux in the 
gap between coils, consider Fig. 156 which shows a 
section through one side of the coils. The current is 
oppositely directed in the two coils, as indicated by 
dots and crosses. On a 1:1 basis, the turns and 
currents in the two coils are equal, and the figure may 
be regarded as merely showing a section through a 
single coil, of Nz turns, or of N2f2 amp.-turns. 

The area of the core of this imaginary coil will be bms3, where 
m3 is the mean circumference between the actual coils, and 6 is 


Fia. 156. 
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the distance between them. The flux produced in this region by 
the m.m.f., [2Ne, is then 


go” = Arl,N>o ; m3. 
The number of interlinkages is 4r/,N >»? vis 


; b 
This represents an inductance of L’’, = 5 xX 4nN >? “as due to 


the secondary coil, since half of the inductance is due to the pri- 
mary and the other half due to the secondary. 
The total secondary inductance of this coil is then 
2rN 2? 
Ly = L'y + L's = =| 2ms § + mab]; 


and the primary inductance is, similarly, 
2, 
I, = mei | 2m 5 + mab, 
Lie. 3 
where c is the depth of the primary coil. 


Ly Ny? : 
Since > i = V2’ the total inductance on 1 leg of the trans- 
2 2 


former, referred to the primary is 


4rN ,? 
ib, = i | mis + me a mab [ern (105) 
If two legs are in series, L (totan = as 
or, if in parallel, L (oan = z 


In practical units, 


Teta ae yk: L0S2 x | mis oo ma 5 + ma | henrys (106) 


where the dimensions are in inches. 

The same reasoning may be applied 
to a core-type transformer in which 
the coils are differently arranged, for 
example, as in Fig. 157. 

Here are two secondary coils, with 
the primary placed between them. 
Consider the primary as if made up 

py. of two equal coils, separated by a 
dividing line shown dotted. The 

calculation should then be made of the combined inductance of 
the secondary, S’, and one-half of the primary, which are grouped 


Yj WY Wf Yj 
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together as A in the figure, and similarly, the secondary S’” and 
the other half of the primary grouped as B. 
From (105), the inductance for A is, 


, _ SN? 
Ibi = 1 [ m’ 5 + miss ae msb | 
and for B, 
ArN ;? 
bY | mls 1a +m oS + mad| 


in which 
m’, = mean length of inside one-half primary turn 
m’’, = mean length of outside one-half primary turn 
m’, = mean length of inside secondary turn 
m'’s = mean length of outside secondary turn 
m3 = mean length of inside gap 
m, = mean length of outside gap 
my +m") = 2m, 
m', +m’, = 2me 
mz + ms = 2m. 
If coils are symmetrical, m,; = mo. 


Supplying all of these values, the total inductance is 


8rN 2 


i ee Ee he i | mas & + mo = f+ mb |em., 


where N, is the number of turns in half the primary coil. If 7, 
is the number of primary turns per leg of the core, 


QrT 2 
a [ ms & oe Me x < + mb jem. per leg. 


If dimensions are in inches, 


2 
| mf + mas + mb | henrys. 


{es 


LO ae 


Fia. 158. 


In a similar manner, shell-type transformers may be dealt with. 
Such a transformer is shown in Fig. 158. In this, let m = mean 
length of 1 turn, Ni = number turns in half of a primary 
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coil, = one-quarter total primary turns. Using the same 
reasoning as with core-type transformers, the inductance of a 
unit combination, A, in the figure, is 


ArN °mfa Cc 
Ly=—y [3 +i + o| cm. (107) 


Note that m E + - + 1| is the equivalent area, whence the 


total inductance is 


167N .2m[a c 
BL = [G+ +0] em. 


In inch units, 


Si ae N17? {5 + L b| henrys. 

Calculation of Stresses——Under ordinary conditions of load, 
these would not be excessive, but for maximum current, as in the 
case of short-circuit, or heavy transient currents from switching, 
they may be very great. Calculation may properly be based on 
the short-circuit current, remembering again that a wire 1 cm. 
long, carrying 10 amp. (unit current), if placed perpendicular 
to a field of 1 line per sq. em., is repelled by a force of 1 dyne; 
or the force in dynes = BI'l, where I’ is expressed in absolute 
values—abamperes. 

If the flux density in the gap, 6, between coils, is Braz then it 
may be assumed that the average density of the flux leaking 


: eres BAe 
through the coils themselves is —> » Which is then the average 


density of the flux passing through the coils of any section A, 
Fig. 158, and the force per turn on any coil, will be 
LB ras 
Fy, = —5— X I's X m dynes 


Bas I'gm 
—~—_ ——— prams 
Dame Osim ts 


where m is the mean length of the turn. 
If J. is in amperes, 


Bas Iym 


F, = 2 9810 St2ms per turn. 


Let the effective value of the short-circuit current be J2, and 
let the total secondary turns be 72, then the turns in a half coil 


(Fig. 158) are a 
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The maximum value of the force will be 
/21>nBmas T» 


tm — SF EGRI0. A 
V/21,T omBn 
= Pe SITE grams (108) 
or in the case of the primary short-circuit current [ 
ey 21m 
~~ 8X 9810 109) 


where J is the effective value of the primary short-circuit current 
and T the total number of primary turns. 

The leakage flux must, in the case of short-circuit, be the main 
flux (neglecting the flux due to the voltage which is consumed 
by the ohmic drop), if it is assumed that the generating station 
is large and the voltage impressed upon the transformer is 
normal even though the transformer isshort-circuited. (See note.) 

The maximum value of the flux between a group of coils is 
obtained by multiplying the maximum value of the flux density 
B,, by the equivalent area as given in (107). 

That is 


The group contains in this case one-quarter of the turns and 


the voltage per group is 7 where E is the effective value of the 


impressed e.m.f. 
The relation between the maximum value of the flux and the 
voltage is given by the well-known relation 


ache bi 
i) SORE 
Aa 103 
F108 
. 8, == 
V/ 2nfT 
Substituting this in (109) 
Pr 4061 E 
BASE AMO eee (110) 
s[-— File b| 


The average value of the force is obviously one-half of the 
maximum value. 
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The force between the coils is proportional to the rating 
assuming the same regulation. 


Norr.—The actual flux enclosed by the secondary turns depends upon 
the terminal voltage and the ir drop. 

At short-circuit the secondary terminal voltage obviously is zero. Thus 
if as a limiting case the ir drop is neglected the secondary winding encloses 
no flux. 

As long as it is assumed that the primary voltage is normal voltage and 
that the ir drop is again neglected the primary coil encloses the same flux 
during the short-circuit as it does at no-load. The path of the flux must 
therefore be essentially different. In the latter case it traversed the two 
windings and is therefore mainly in the iron, while in the former case it 
must traverse only one winding—the primary. Thus the flux must find 
its way between the primary and secondary coils and is thus the so-called 
leakage flux. 


CHAPTER XXXI 
GENERAL PRINCIPLES OF TRANSFORMER DESIGN 


Type.—Transformers may be classified as belonging either to 
the ‘“‘core type”’ or the ‘‘shell type.”’ 

Core-type transformers frequently have a single magnetic 
circuit of rectangular form. On the two vertical sides of this 
core are placed the windings, each side being provided with 
half of the primary and half of the secondary coils, the low- 
voltage coils usually being placed next to the core (Fig. 159). 

Shell-type transformers usually have a multiple magnetic 
circuit the coils being placed upon a central core, the outer limbs 
of which extend around the coils, somewhat resembling a shell 
(Fig. 160). As illustrated diagrammatically in the figures, it is 


Secondary 


y/, 


Primary| / 


UX €UE=' 
LZ 


Fria. 159. Fic. 160. 


seen that the coils of the core-type transformer have the form 
of a cylindrical shell, while those of the shell type are in the form 
of discs. The former lend themselves readily to designs of great 
mechanical strength, while the latter tend to be mechanically 
weak. 

The present tendency seems to be more and more toward 
the core type, and it remains for the superiority of the shell 
type to be demonstrated in any given case in order to justify its 
existence at all. 

Recently transformers having a multiple magnetic circuit have 
been introduced. The coils are of the cylindrical form placed 
around the central core. Thus, this is called the cruciform type. 

14 209 
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An important consideration with respect to the choice of type 
is the method of cooling the transformer. Core-type transform- 
ers are usually immersed in oil in such a way as to provide free 
circulation of the oil about all surfaces of the coils and core. 
The oil then receives the heat and carries it to the outside case 
which is frequently corrugated to present greater effective 
surface to the outer air. 

Shell-type transformers are cooled by the above method, but 
more frequently this is augmented by the addition of coils of 
pipe through which is forced a stream of cool water. These 
coils are placed in the oil above the transformer. 

The addition of the cooling water is essentially a feature of 
large transformers, since they have less area of possible cooling 
surface per unit volume than have smaller units. 

A common form of the shell type is known as the air-blast 
type. The method of cooling consists in forcing a continuous 
blast of cool air up through the ducts with which the core is 
provided, and between and around the coils. 

Efficiency.—Transformers are not designed to give the highest 
possible efficiency as this would involve too great an expense in 
materials and manufacture, but, rather, the highest practical 
efficiency, so as to meet competition both in price and in quality. 

Consequently, from results obtained in practice, it is easy to 
construct a table of efficiencies which might reasonably be 
expected of various sizes of transformers of moderate voltages, 
say up to 10,000 volts. This table is as follows: 


Efficiency 
Kw. capacity = os 
25 cycles 60 cycles 

1 94.0 96.0 

5 96.5 97.5 

10 97.0 98.0 

50 98.0 98.5 

200 98.0 98.5 


Knowing the approximate efficiency of the transformer which 
is to be designed, the total losses are of course also known. 
For example, let it be required to design a 10-kw., 60-cycle, 
20007 99-volt core-type lighting transformer. ‘The efficiency is 
to be about 98 per cent. The losses are 2 per cent., or 0.02 X 
10,000 = 200 watts. 
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Losses.—These losses are made up of the Jr loss in the copper 
windings and the hysteresis and eddy current losses in the iron 
core and windings. 

Maximum efficiency is obtained at that load for which the 
copper and iron losses are equal. It becomes a matter of choice 
in design as to what ratio shall be given these losses or at what 
load they shall be equal. Thus, for power purposes, the copper 
and iron losses should be about equal at full-load, giving maxi- 
mum efficiency at full-load. For lighting purposes, however, 
owing to the peculiar conditions of operation, this is not generally 
desirable. A lighting transformer carries full-load only for a 
very small period during each 24 hr., while the rest of the time it 
is operating practically at no-load. Thus the copper loss is quite 
small even with a large value of J?r, while the core loss is larger 
since it is continuous through the whole day. It would be better, 
therefore, to make the copper loss relatively greater than the 
core loss, at full-load, and thus reduce the total losses for the 
daily operation. Fairly good values to choose for these losses 
are: copper loss = 60 per cent., core loss = 40 per cent. of the 
total loss. 

In the example considered, 


copper loss = J?r = 200 X 0.60 = 120 watts, 
core loss = 200 X 0.40 = 80 watts. 

The core loss may be further divided between loss due to 
hysteresis and loss due to eddy currents. The former is usually 
larger because it depends on the magnetic quality of the iron or 
steel used, whereas the latter depends largely on the degree of 
thinness of the laminations of the core, and this may be carried 
to any extent mechanically practical. Values of hysteresis and 
eddy current losses when silicon steel laminations .014 in. thick 
are used are: 


hysteresis loss = 0.7 watt per lb. at 60 cycles, 
eddy current loss = 0.3 watt per lb. at 60 cycles, 


when the maximum induction density is 64,500 lines per sq. in. 
(10,000 lines per sq. cm.). 

Since 1 cu. in. of this material weighs 0.28 lb., the loss per cu. 
in. at 60 cycles and 64,500 lines per sq. in. is: 
0.196 watt, 
0.084 watt, 


hysteresis loss per cu. In. = 0.28 X 0.7 
eddy current loss per cu. in. = 0.28 X 0.3 
total core loss per cu. in. = 0.28 watt. 


l| 
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Hysteresis loss for any frequency and density is given ap- 
proximately by the equation, 


Z - Ak B 1.6 
hyst. loss = W, = 0.196 X 60 x (a uk 


where V = volume of iron. 
Similarly, eddy current loss is 


W. = 0.084 X (eae (seam) * v. 


From these two equations and the core loss which is given, 
the volume may be obtained for any value of B. Assuming, as 
will later be done, that B = 70,000, in the example, 


V = 80 + [0.196 X (1.086)"® + 0.084(1.086)?] = 
80 : 
= OA5(0) Civ, Thi. 


0.2205 + 0.099 


And the hysteresis loss is W; = 0.196 X 1.125 X 250 = 55.2 
watts, and the eddy current loss is W, = 0.099 X 250 = 24.8 


watts. 
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90000 2 1 sone © OF 
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0 
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Volume per Watt Hysteresis Loss Cu, In. 
0 0.1 0.2 0.3 0.4 0.5 0.6 
Watts per Cubic Inch 
Fig. 161. 


B and V.—The relation between B and V is shown by the 
following curve, Fig. 161, from which it is evident that values 
of B should lie between 50,000 and 90,000. 
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Hysteresis and Eddy Current Loss per Cubic Inch.— 


Ww f B 1.6 WEN = B 2 
Fars dg) +008 (6) 
V 60 \64,500/ + 9-084 (65) \6a500 
(1) f = 60 
Be. Were ec 50,000 | 60,000) 70,000 80,000 | 90,000 100,000 
64,500 5 pues hire ae OS775") 0793 12085) te 24 f,3895 1) 1.55 
B 1.6 
Seta rine, Be arine pa te 0.65 0.88 ih, LR | 1k A ib 7s 2.05 
S : B 1.6 
W, = 0.196 (aan) OFZ 7a OM 2 omOn2ZORORZiSn sO oAome Of402 
B 2 
(seam hay eae ONGOUMBOR SEDs ales 1.54 1.95 2.41 
B 2 
W, = 0.084 (araao) +| 01.0505! 0.0727) 0.099 | 0.1294) 0.1639) 0.2025 
64,500 
VY PRR Soh ie q 0.1775) 0.2452) 0.319 | 0.4074) 0.5069) 0.6045 


pon 047, (f) = 0.174 


> 60 60 
WR Ae, Sore ee eee 0.053 | 0.072 Goer, 0.116 | 0.148 | 0.1675 
|S soe ene ee ee 0.0088} 0.0127) 0.0172) 0.0225) 0.0285) 0.0384 
W 
a (ee 0.0618) 0.0847) 0.1089) 0.1385) 0.1715) 0.2059 


As a matter of fact the usual limits are: 
for 60 cycles, B lies between 60,000 and 75,000, 
for 25 cycles, B lies between 80,000 and 90,000. 
In the example, let B = 70,000, which will be taken as a trial 
value. 
From Fig. 161 the volume per watt loss by hysteresis is 4.55 
cu.in. The total volume of iron is 4.55 X 55.2 watts = 250 cu. in. 
Magnetizing Current—Having chosen a suitable value of B, 
we can at once find out the required number of ampere-turns per 
inch length of magnetic circuit, from the saturation curve, p. 
Let 


M, = ampere-turns per inch and 
l = length of magnetic circuit. 
Then total ampere-turns = Myl = ~W/2int, where ~W/2in = 
maximum value of magnetizing current and t = number of turns 
on the primary. 
Using the fundamental equation for e.m.f., 
EH =4A44ft® X 10-§ = 4.44ftBA X 10-8, 
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the magnetizing volt-amperes are 


Ee 4.44ftBAM ol 
Ole /5 tc 08 
afBAM ol x 10-8 = afBM,V DG Ome 


lI 


since 
4,44 = +/2n, and V=AI. 


The percentage magnetizing current is obtained by dividing by 
ET, thus, 
‘tm  ™{BMoV 
clam, bges 
In the example, M, is found to be 6.5. Therefore, substituting 
known values into the equation, 


im _ 3.14 X 60 X 70,000 X 6.5 X 250 
las 10]exet0 


= 0.0215, 


or approximately 2 per cent. 

This is a reasonable value. In practice, magnetizing currents 
range from 2 to 8 per cent., being larger in smaller transformers 
and at lower frequencies. 

Number of Turns, Total Flux, Area, and Length of Magnetic 
Circuit— Returning to the fundamental e.m.f. equation, it is seen 
that turns and flux are both unknown. A practical limit in help- 
ing to decide what value to assign to either one of these unknowns 
is found from the fact that the number of turns should depend 
upon the voltage. While it would not be safe to allow too great 
a difference of potential to exist between adjacent turns, this 
consideration is not the deciding feature. The choice of number 
of turns is governed largely by cost considerations. From prac- 
tice it is known that volts per turn should lie between 0.4 X 1/ kw. 
and 0.6 X ~/kw. in core-type transformers. The former value 
is more suitable for distribution transformers when it is desirable 
to keep down the core loss, while the latter is suitable for power 
transformers. The value for shell type is from two to three 
times as great. 

In the example, it will be assumed that volts per turn = 0.5 X 
“/10 = 1.56. 

Then, turns on primary 
_ 2000 


ot Aa 


= 1280, 
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and flux 

Us Sei 

= Taig 586,000, 
area 
@ 586,000 ¢ 

=A= B~ 70,000 ~ 8.37 sq. in., 

and length, 
V-_- 250 
b= 4 = gaz = 29.5 in 


Resistance, Length of Mean Turn, Total Length and Size of 
Windings.—Returning now to the windings, it is possible at first 
to calculate the primary resistance, since the copper loss and the 
current are known. 

In the example J?r = 120 watts. This must be divided be- 
tween primary and secondary, and half may be assigned to each, 
as a reasonable approximation. 


Thus primary 


IP = * = 60 watts. 
Also, 
W 10,000 
ie ie = Sr) 5 amp 
60 
Ia = a5 7 2.4 ohms 


Knowing the resistance and number of turns, the size of wire 
may be found when the mean length of one turn is estimated. 
As a basis for this, the cross-sectional area, A, of the core is known, 
and experience tells about how much space is necessary for insu- 
lation between core and coils and for circulation of the cooling 
oil between the coils. Also, since the heat generated in the in- 
terior of the coils has to pass through the thickness of copper and 
insulation, it will be unwise to make the coils too thick. 

Practical thickness of insulation against voltage is given in 
the following table. 


Taste VII 
Insulation 

Volts thickness (mils) 

110 40 

440 50 
1,000 70 
2,300 100 
6,600 180 


16,000 260 


216 ELECTRICAL ENGINEERING 


For circulation of oil, space of not less than 14 in. width should 
be allowed. This width is governed by the height of the coils. 

Thickness of the coils should hardly exceed 1 in., but may 
reasonably be 34 in. 

Applying this procedure to the example, it is found that with 
an area, A = 8.37 sq. in. of iron, the gross area occupied by the 
laminations will be about 


If this area is in the form of a square, the side of the square 
will be 1/933 = 3.05 in. Fig. 162 is 
next drawn, showing the relative 
positions of coils, core, insulation, ete. 
In this case, the length of mean turn 
of the secondary winding is 


Le = 4 X 3.05 + 2r(0.25 + 
0.04 + 0.375) = 16.4 in. 


Secondary Since the secondary winding is 
Primary nearest the core, its features will be 
Fic. 162. discussed first, thus avoiding any 
error in the final determination of 
the mean length of primary turn. 
Total length of secondary is 


16.4 
Le x ty a aioe << to Tle 


In general, 
apo E yieteceer lL 
ite ee 2000 


xX 1280 = 64. 


In practice, however, it is found convenient to put the two 
primary coils in series and the two secondary coils in parallel to 
obtain the 20:1 ratio. 


If this procedure is adopted, the voltage impressed on one 
, ie 2000 
primary coil is oT oe 1000, while the whole secondary voltage 


of 100 will be across each of the secondary coils. 
The secondary turns per coil will then be 


100 , 
to = 1000 xX 640 = 64 
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and each coil will carry half of the total secondary current, or 
10,000 


2x 100 = 50 amp. 
Total length of each secondary coil is then 
16.4 
Ts t= se 04 = 8 (ed It. 
12 
: : no pale 
Resistance per 1000 ft. of secondary coil = 0.0873" 


Since the coils are connected in parallel, the resistance of one 
coil is 2Re. 
The resistance of a secondary coil is obtained from the fact 


that the secondary copper loss per coil is al = 30 watts. 


2 
Thus, the resistance of each secondary coil is 
30 
2R, = (50)2 = OKO @avan, 
Resists - 1000 ft. of luct Oe eee OST S h 
esistance per . of conductor Is 5 og7 = 0. ohm. 


This corresponds to an area of 0.07 sq. in. 

The conductor chosen must be of copper strip, of rectangular 
cross-section. In using strip, the practical dimensional: limits 
are about 0.1 in. in thickness and 0.5 in. in width. These 
dimensions give an area of 0.05 sq. in. If greater area is re- 
quired, any number of strips may be wound in parallel. Each 
strip is, however, insulated, usually with double cotton covering, 
to prevent too great eddy current loss in the copper. 

In the present case there will be two strips required, each of 
0.1 X 0.35-in. section. 

With insulation. the dimensions of the double conductor become 
0.36 X 0.22 in. 

It will be seen that the most practical arrangement of the 
turns will be to have two layers deep and 32 turns per layer. 
Then the thickness of the coil becomes 2 X 0.22 in. = 0.44 in.; 
the length of the coil is 32 X 0.36 = 11.5 in. 

The corrected mean length of turn is 

Ly = 4 X 3.05 + 2r (0.25 + 0.04 + 0.22) = 15.4 in. 
15.4 X 64 


Total length = earns a 82 ft. 
: 0.012 
Resistance per 1000 ft. = 0.082 ~ 0.147 ohm. 
0.1875 


Corrected cross-section is 0147 x 0.07 sq. in. = 0.0655 sq. in. 
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Maintaining the same thickness, 7.¢., 0.1 in. the width of the 
strip, with insulation, now becomes 0.332 in., and the coil length 
is $2 X 0.332 = 10.6 in. 

The mean length of the primary turn may now be found. It is 

L, = 4 X 3.05 + 2m (0.25 + 0.04 + 0.44 + 0.04 + 
0.25 + 0.1 + 0.375) = 12.2 + 2r X 1.495 = 21.6 in. 


Total length of primary is then 


B18 30 ee a1 Se 2804 FE 
12 12 
R 1000 ft. of LF Bap ass aly yu 
esistance per Of prumaryus =an7 2304 = 2304 7 | 


ohms. 

Referring to wire tables, this resistance is found to be nearly 
that of No. 10 B. &8., which has resistance of 1.18 ohms per 1000 
ft. at 65°C. 

If now it should be desirable to use copper strip for the 
primary winding, the requisite area may be found by comparison 
with that of No. 10 wire. Thus, 


1.18 
2042 

In this case, however, it will be practical to use No. 10 wire. 
Wire larger than No. 10 is not generally used, but smaller sizes 
are preferable to rectangular strip. 

Choosing then No. 10 wire the space which the 640 turns of 
each coil will occupy must be determined. 

With a layer 10.3 in. long there will be 


10.3 
0.103 ~ 100 turns per layer, 


area = X 0.00815 = 0.00922 sq. in. 


and 

640 

100 ~ 6.4 layers. 
Obviously, the best arrangement of these 640 turns will be to have 
8 layers of 80 turns each, giving a coil length of 8.24 in., and coil 
thickness of 0.824 in. The thickness will be slightly less, owing 
to the bedding of the layers. Perfect bedding would give 0.824 
X 0.866 = 0.714 in. The value of 0.75 in. originally assumed 
may therefore conveniently be taken as correct. 


The mean length of the primary turn is then ZL, = 21.6 in. 
as previously calculated. 
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Total length of primary = ae X 1280 = 2300 ft. Total 


primary resistance = 2300 X 1.18 = 2.72 ohms. 

This resistance deviates considerably from the value of 2.4 
ohms assumed, but not enough to warrant the choice of another 
size of wire for the primary. 

Having determined the core cross-section, and the coils, an 
assembly sketch may be made, as shown in Fig. 163. Allowing 
0.3 in. between the coils on the two legs, the size of the window is 


Hire. L638: 


found to be 4.24 in. wide by 10.75 in. high. The total core 
height is 10.75 + 3.05 + 3.05 = 16.85 in.; total core width is 
4.24 + 3.05 + 3.05 = 10.34 in. 

The total volume of iron is length X net cross-section, or, 


V = (2 X 16.85 + 2 X 4.24) X 8.37 
= OPE Shee l= ae GUD es 
which does not compare very favorably with the first assumption 


of 250 cu. in., but this is not very important since it should 
be noted that J calculated from core loss and | calculated from 
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the space required for the copper windings will generally not be in 
agreement. We must have sufficient space for the windings, 
but 1 should not be any greater than necessary. Therefore, 
unless we wish an entire recalculation of the design based on 
altered assumptions it is sufficient to accept the new value of 1 
and the attendant new value of V. The mean length of the flux 
path is, 

1 = 2 (10.75 + 4.24) + 29 X 1.5 
29.98 + 9.44 = 39.42 in., 


as against 29.5 in. in the preliminary calculations. 

Per Cent. Magnetizing Current and Core Loss.—Applying the 
new values of V and 1, we may obtain new values for per cent. 
magnetizing current and the core losses. Thus, 


amp. turns = My) Xl = 6.5 X 39.42 = 256. 


at 3 256 
Max. exciting current = ~/2in = 1280 = Or2. 
), 
lm = De = 0.141 
2 
; ee Lae a 
Per cent. tm = [eae an 0.028. 


Hysteresis loss, W;, will be in the ratio of the two volumes thus 
far obtained, namely; 250 cu. in. and 354 cu. in. 


354 
"Wi = 250 xX 55.2 = 78.2 watts, and similarly the eddy 


: 354 
current loss is W, = aa X 24.8 = 35.1 watts, giving a total 


core loss of 113.3 watts. 
Efficiency.—The approximate efficiency is then 


_ input — losses 
input 


7 
where the losses are: 


Primary copper loss = 5? X 2.72 = 68 watts. ° 
Secondary copper loss = 2 X 502 X 0.012 = 60 watts. 


Core loss = 118.3 watts. 
Total loss = 241.4 watts. 
10,000 — 241.3 
_7= 10,000 = 0.976 = 97.6 per cent. 


It is seen that the efficiency is very nearly that which was 
assumed at the outset, so that the variations in values, even where 
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they have been large, as with volumes and length, have not been 
such as to produce any considerable effect. 

However, the ratio of Seems sO has decreased, the former 

iron loss 
now constituting only 53 per cent. of the total loss, instead of 60 
per cent. as at first assumed. 

There is, of course, nothing hard and fast about these relations 
as it is impossible to say just how the transformer will be oper- 
ated from day to day. If it is desired to approximate more 
closely to the original assumptions of losses and efficiency, it will 
be necessary to go back to the beginning and choose from among 
the numerous variables, let us say, another value of turns and 
another value of the flux density. 

However, in the present instance, the values so far obtained 
will be regarded as satisfactory, and then there remains only 
to determine the regulation, heating and cost of material, to see 
if these also will be satisfactory. 

Regulation.—In Chap. XX VI, p. 182, the regulation of a trans- 
former was found to be 


E 
Reg. = E Sl 
where Ey = Wy Eis” + 2K o(t2ro + 0.5tn 70 a 4 oo + O.5tnXo) 


approximately. 

Of these quantities, H,; = 2000 volts, assumed impressed on 
the primary, 72.°= Iz = 5 amp. = the energy component of the 
load at unity power factor (assumed) and referred to the primary 
basis. On this assumption, the wattless component of the load 
current, 2’. = 0. 

i, = energy component of the exciting current. 

To obtain 7, we have: core loss = Hy, = 113.3 watts. 

i sas = (0.0566 amp., 
and 

foo = Win? + iy? = V0.1412 + 0.05662 = 0.152 amp. 

ro = Ri + Ro = 2.72 + 0.006 X 400 = 2.72 4+ 2.4 = 5.12. 

To determine xo, the combined leakage reactance of primary 
and secondary, we have 

to = Inf (Li + Le) = 2rfLo. 

L, and Lz may now be calculated by the help of equations, 

p. 204, Chap. XXX, but each must be done separately since the 
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two primary coils are in series while the secondary coils are in 
parallel. We have 
NY? msb 
L, = 2 X 32 x 10-° = [= +78 |henrys, 


N22 b 


Referring to Fig. 155, the constants in these equations are 
readily evaluated. Thus, we have, 

N, = 640; Ne = 64; 1 = 10.75, 

m, = mean length of primary turn = 21.6 in., 

mz = mean length of secondary turn = 15.4 in., 

m3 = mean length of gap between coils = 18 in., 

a = secondary coil thickness = 0.44 in., 

distance between coils = 0.39 in., 
primary coil thickness = 0.75 in. 


| henrys. 


Gy ie 
ll 


Supplying these values, 


41 X 104721.6 X0.75 . 18 X 0.39 
= —9 
Le 162) <al05F 10.75 3 2 | 
= 0.00244 [5.4 + 3.51} = 0.02175 henry 
4100 715.4 x 0.44 
= -9 
To 16R10 a7 | ; che 3.51 


6.1 X 10-6 [2.26 + 3.51] = 0.0000352 henry, 
where Lz is the actual secondary inductance. 
Referred to the primary, LL: = 0.0000352 x 400 = 0.0141 
henry. . 
Lo = L1 + Le = 0.02175 + 0.0141 = 0.03588 henry 
and 
% =2rfLo = 377 X 0.03588 = 13.53 ohms. 
Supplying all the values into the formula for E,, we have, 
Ey = 2000'= 
VE +2E(5 X 6.82+0.5 X 0.0566 X 6.32 + 0.5 X 0.141 X 13.53) 
Ey? = 4 X 10° = F,? + 2H2(31.6 + 0.179 + 0.95) = 
e E.? + 65.32E, 
er OF 7 : 1 2000 
. E2 = 1968 volts, and regulation = pee 1= 1968 ~ 1= 
1.016 — 1 = 0.016 = 1.6 per cent. for full non-inductive load. 
Heating.—The total radiating surface of each primary coil is 
found by calculation to be 388 sq. in. Therefore, the watts per 
square inch which must be radiated from the primary coil are 
Wy 34 watts 


= 388 sq. in. =' 0.0875. 
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Similarly, the area of the secondary coil radiating surface is 340 
sq.in. The watts per square inch that must be radiated are 


30 watts 
We es 340 sq. in. 
The radiating surface of the core is about 400 sq. in. Therefore 
watts per square inch that must be radiated are 


113.3 watts 
400 sq. in. tee 


Watts per square inch serve as an empirical guide by which it 
may be determined satisfactorily whether the design is sufficiently 
liberal to permit of dissipation of the heat without undue rise of 
temperature of any part. In general a loss of 0.4 watt per sq. in. 
of surface of the coils and core is quite satisfactory. 

In designing the case, however, about 0.15 watts per sq. in. 
only should be allowed. In the transformer, then, since the 
entire loss in watts must be radiated from the case we should 
need an area of 


241.3 Sen i 
aR ae = 1610 sq. in., in contact with the oil. 


= 0.0885. 


W.= 


Weight and Cost of Material——The core volume has been 
found to be 354 cu. in. At 0.28 Ib. per cu. in. the core weight is 


354 X 0.28 = 99 lb. 
Cost of core at 3.5 c. per lb. is 
99 X 0.035 = $3.46. 
The primary copper volume is length X section, 
= 2300 « 12. 0.00815, = 225 cu. in. 
Secondary copper volume is 
S2e<12 60.0655. 2°= 129 cusin: 
Total volume of copper is 225 + 129 = 354 cu. in. 
Weight of copper at 0.32 lb. per cu. in. is 
354 X 0.382 = 113.4 lb. 
Cost of copper at 16c. per lb. is 
113.4 X 0.16 = $18.15. 
Total cost of iron and copper is $3.46 + $18.15 = $21.61 


Of course, such a calculation of cost has comparative merit 
only, as it does not include labor or such materials as insulation, 
oil and case. 
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Summary of data of 10-kw., 60-cycle 2000-100-volt core-type 


distributing transformer. 


ee EE eo eee 


High side 


Low side 


LO We GUS menans aes eee verethana Orn teers 
Frequency.. tas 
Ratio of eae oernah One 


BATH POLES eh. ons. eevee toed ae. a eit hansoeen ees | 
Window. dimensions, in...2.5 4-4 see 
Abeoqiall syratoliles Gyr soya, 005 cea cae ne 
Noe Ierralns CH ano, Wi, oe oe ese ae 
IDYsyaxelan Cov Leswochnay NOR, SM Goon 
Electrical 
Number turns im series............... 
SECuON OlMCONGUC ORNs tenis en eit 
Amperes per square inch. ........-..- 
INQTUAYv OH CONE: noe deueucdcuc nan: 
Clararancrounlor: @i COUR soca encase aos o084 
Wid thiols coils Serr cn sameeren ey oe 
erg ittrotycoilkyanercy saan ceracie tence nae 
Numa berktumcos sp errCOllem amare enn 
Meanplengtnyot till santewnr niet ne 
Resistance of circuit at 65°C......... 
Magnetic 
‘chal sanepoheiuen tN a pon oo oben. 
Effective core section, sq. in........... 
Hifective core length, im.............. 
Core density. . vite 
Effective core ampere- enene in Jeno 
Maen ehizin gicurrente siete 
Thermal 


Radiating surface of coil............. 
WWGHHES TO SOWER Te. MMO, on aoc qu eee me 
GoreslOssi.. cee ries, dias eatery ee 
Radiating surface of core............. 
\Visittsmoer Squier ebinich seins teil tetee 
horalloss tu l=10¢Ck genes 
External radiating surface............ 
Watts per square inch............... 
Efficiency and regulation 
Per cent. core loss, full-load........... 
Per cent. copper loss, full-load 
Per cent. efficiency, full load 


1034 by 4% 
10.34 


586,000 
8.37 
39.42 


2,000 


1,280 

0.00815 

614 

2 

Series 
On 75 
8.24 

640 


|21.6 


2.72 


68 
388 
0.0875 


100 
100 


64 
0.0655 
763 
2 
Parallel 
0.44 
10.6 
64 
15.4 
0.009 


60 
340 
0.0885 
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High side Low side 
Per cent. magnetizing current......... 2.8 
IFSP. CSMiy RITES. owas on le Pa koe il, he 
Pen centy reactance. 110+. o....50.. 3.38 
Pee Game, WaT, 059 dgnacdooe son. 1.6 
Weight and cost 
Coayaee, oominols,....ho,cuahea uss. deoe 113.4 
rom Me pOUN GS RN Exes ace sdk e: 99.0 
Pounds copper per kilowatt........... 11.34 
Rounds mon perikilow atte. .s ss... ),9) 
Wostioiscoppermaeu 1 G6Gse 14.) os. lsc $18.15 
COAG Ow MRO Cie SHO. . ca cece ue oon ee ase $3.46 
RO TAIRCOS UBM PaeitS. isc. cette cede $21.61 
Costgpernmialowavueeer neon snr $2.16 


Having now developed the general principles and procedure in 
transformer design, it is desirable that the student should carry 
through the calculations for some assigned machines. Trans- 
formers of different capacity may be assigned to the students of a 
section, each student being required to complete the calculations 
for both 60 cycles and 25 cycles, tabulating the specifications and 
making sketches to scale of the core and windings. 

Many of the finer points in design are omitted here, since the 
principles are the primary interest. For practical designing the 
fact that experience is a factor of the greatest importance should 
always be remembered by the student who is attempting to 
master the practical aspects of the subject. 

To assist in the further study of the principles of transformer 
design, the following suggestive questions are added. 

1. Find regulation at 80 per cent. power factor. 

2. Why are less volts per turn used with lighting than with 
power transformers? 

3. If the core loss is too great, how may it be reduced? 

4, What relation does per cent. exciting current have to core 
loss, copper loss, efficiency and regulation? 

5. How may per cent. exciting current be reduced? 
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CHAPTER XXXII 


COMBINATIONS IN MULTIPHASE TRANSFORMER 
SYSTEMS 


When the primary of a transformer is connected to a source 
of e.m.f. the following equation relating the impressed e.m.f. cur- 
rent, resistance and inductance obviously obtains 


mre ‘ (Li). 


The drop, ri, is small, being perhaps 5 per cent. of 1 per cent. 
of the normal voltage, if the exciting current is 5 per cent. of 
normal current and the resistance drop at full-load is 1 per cent. 
Thus the e.m.f. consumed by the transformer counter e.m.f. is 
approximately 


he he 
Ca— dt (11). 


If the transformer were merely a coil having an air core, the 
inductance would be constant, and the induced voltage would be 


e=—L-—- 


If 7 were a sine wave of current, e would also be a sine wave 
displaced 90° behind 7. However, with iron cores, as with trans- 
formers, the inductance is not constant, but is a function of the 


current 7. Hence 
Ca (Lo+i5), 


and if 7 is a sine wave of current, the counter e.m.f. of self-induc- 
tion is no longer a sine wave. Similarly, if a sine wave e.m.f. 
is impressed on the transformer, the current will not have the 
sine shape, but will be made up of fundamental, 3d, 5th, etc., 
harmonics. 

In Chap. XXVIII, the characteristic wave of exciting current 
with a sine wave e.m.f. impressed was determined. On analyzing 
this wave by Fourtmr’s series as indicated in problem 78, it is 
found to consist of a fundamental and triple with higher har- 
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monics of lesser amplitudes. The presence of the triple-fre- 
quency wave is an important feature in the exciting current of 
every iron-cored transformer operating with impressed sine wave 
e.m.f. 

If, however, the triple frequency wave is suppressed in some 
way, as is often the case in three-phase systems, so that the ex- 
citing current is of sine shape (neglecting small higher harmonics), 
the induced voltage, and consequently the terminal voltage, will 
not be of sine shape, but will have the characteristic form shown 
on p. 194. 

The transformer, of course, must generate its own counter 
e.m.f. or the induced voltage, and hence may be regarded as a 
generator, electrical energy being supplied to it instead of me- 
chanical energy. 

So far the transformer has been dealt with as a single unit. 
It is common practice, however, to group transformer units in 
various ways so that they shall serve as group units in the trans- 
mission and distribution of energy in systems other than the 
single-phase system. 

The Three-phase System.—While two-phase, four-phase and 
six-phase systems are used to some extent and under certain con- 
ditions, yet the three-phase 
system in its various forms 
is far more important than all 
of these. Its study forms a Sines 
basis for the development of 
any multiphase theory. The 
principles of two-phase and 
three-phase working from the 2e= 
standpoint of the alternator 
are explained in Chap. 
XXXV. In the present in- 
stance, three-phase will be 
dealt with in reference to the re 164. 
transformer alone. 

Consider three similar transformers, A, B and C, receiving 
current from three sources of simple sine waves of e.m.f. (Fig. 164). 
Let the voltage impressed on A be e; = E,sin 6, that on B, 
€, = E,sin (6 + 120°), that on C, es = E, sin (6 + 240°). In 
each case the arrows in the figure indicate outgoing and return 
wires. 


Ss 


by pe 
QNNNRAD QQLLAAAA 


ae 
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Neglecting higher harmonics the currents flowing will be, re- 
spectively 


i, = I, sin (0 — ¢) 
dg = I, sin (6 + 120° — ¢) 
iz = I, sin (6 + 240° — ¢). 


aS If the transformers are so arranged 

— A that the return currents shall flow 

= ¢ through the same wire, as in Fig. 165, 

—- é the value of the current in this return 
Fia. 165. wire will be 


in = 11 + tg + 13 = I, (sin (6 — ¢) + sin (@ + 120° — ¢) 
+ sin (@ + 240° — ¢). 
The student should prove that this current is zero. 
He should prove, also, that if there is current of triple frequency 
flowing in the lines, the triple frequency current in the fourth or 
neutral wire will be three times that in any line. 


Problem 79.—Let the three line currents be given by the equations: 
a, = I, sin (6 — $1) + 73 sin (30 — $3) + Is sin (50 —¢s) +... . 
tg = J, sin (89 + 120° — $1) + 73 sin [3(@ + 120°) — 93] 
+ Issin [5 (9 +120°)—g¢]J +... 
és = I sin (9 + 240° — ¢1) + Issin [3 (6 + 240°) — oa] + 
Is sin [5 (@ + 240°) —¢s] +. . 
Prove that the current in the neutral wire will be 
in = 3[I3 sin (30 — $3) + Ig sin (90 — $9) + Jissin (150 — gis) + ]. 


Cet 


that is, the current in the neutral wire is three times the sum of all 
odd harmonics which are multiples of three which are present in 
any line wire, all other harmonics becoming zero in the neutral. 

Voltage Waves in Three-phase, Four-wire System.—The neu- 
tral wire serves to make the system virtually three single-phase 
systems instead of a three-phase system having peculiarities of 
its own. Thus if a sine wave e.m.f. is impressed on each trans- 
former, the e.m.f. between lines is the vector sum of any two 
of these and is also a sine wave. 

Since there is no current of fundamental frequency in the 
neutral wire, there is no necessity of having the wire there. Its 
absence will not be the occasion for any interruption in the circuit. 
However, since the circuit of the higher harmonics has been inter- 
rupted, it becomes of importance to study higher harmonic effects 
in connection with three-phase and with any other systems. 
Transformers so arranged with or without the neutral wire are 
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said to be Y-connected. If the circuits were unbalanced the 
situation would be somewhat different, as will be discussed later. 
For the present, however, it is sufficient to see that a three-phase 
circuit may be composed of only three wires, each representing 
the outgoing wire of one of the phases. 

Three-phase, Y-connected Transformers.—Let it be assumed 
that the three, so-called, phase voltages are 


OA = e, = FE, sin @ + E3 sin (30 + a), 


OB = e. = Ey, sin (6 + 120°) + E; sin (3[@ + 120°] + a), 
OC = es = Ei sin (6 + 240°) + Es sin (3[9 + 240°] + a), 


these voltages being represented vectorially in » 
Fig. 166. To find the line voltage AB. Evi- 
dently this is 


éap = AO+ OB = — 4, 4+ @, a) 


since it is taken in direction from A to B. 

Directions from O outward are taken as posi- © 

: Iie, INS. 
tive. Therefore 


éap = — EH, sin 6 — Hs sin (380 + a) + Fy sin (6 + 120°) + 
E3; sin (3[6 + 120°] + a) 
= H,[sin 6 cos 120° + cos 6 sin 120° — sin 6] 
+ E,[sin (30 + a) — sin (30 + a)]. 


The last term vanishes since sin (3[@ + 120°] + a) = sin (80 + 
360° + a) = sin (86 + a) and eyg = 1.73 EH, sin (6 + 150°). 

The student should prove this by performing the intermediate 
operations. 

Thus, it is seen that in a balanced three-phase Y-connected sys- 
tem, a triple frequency e.m.f. cannot exist in the voltage between 
the lines. The same will be shown to be true also for what is 
called the A-connection. This does not mean, as stated, that 
there can be no triple frequency e.m.fs. in the phase windings, 
but simply that they cannot be between the lines. 

Likewise, the other line voltages are: 


€pc = — 1.73 FE, sin (6 + 90°) 
1.73 EF, sin (6 + 30°). 


CCA 


These voltages are represented in Fig. 167 (a) and (6), which 
give two ways of representing the same thing. The line and 
phase voltage relations may also be shown graphically, as in 
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Fig. 168. Here, as in the equation for e4z, OB is combined with 
OA reversed. 

Carrying out the same process by which the assumed triple- 

frequency voltages in the line were eliminated, it could also be 

found that any higher harmonics which 

were multiples of 3, as 9th, 15th, 21st, 
£42 ete., would vanish. Even harmonics are 
of necessity absent if the waves are sym- 
metrical. Thus there remain only the 
5th, 7th, 11th, 13th, 17th, 19th, etc., 
which could exist in the lines. 

In the three-phase Y-connection, the triple frequency voltages 
in the phases are all in time-phase with each other, and the phase 
therefore acts like three circuits in parallel. Their extremities 
could be joined without causing any triple frequency current to 
flow. If the neutral point, O, be connected to ground, the triple 
frequency in the phases would cause all three transmission lines 
to oscillate just as would be the case with a single-phase line one 
side of which was grounded. 
In this case the three lines cor- 
respond to the ungrounded side 
of the single-phase line. 

Three-phase A-connected 
Transformers——When three 
transformers are so connected as 
to form a closed circuit, there 
are two facts in connection with 
their operation which are of 
great interest, namely: (1) 
there can be no circulating cur- Fic. 168. 
rent of fundamental frequency 
in the windings; and (2) there always flows in the windings a 
current of triple frequency or an odd multiple of triple frequency. 

In proof of the first fact let the phase voltages be assumed, as 
before, 


é, = EH; sin 0+ #3 sin (3 6 + a) 
é2 = Ey sin (@ + 120°) + Es sin [8(@ + 120°) + a] 
es; = EH, sin (0 + 240°) + Es sin [3(6 + 240°) + a)] 


Adding the fundamental components, 


FE, [sin 6 + sin ( 6+ 120°) + sin (@ + 240°)] 


Fic. 167. 
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= H, [sin @ + sin 6 cos 120° + cos 6 sin 120° + sin 6 cos 240° + 
cos 6 sin 240°] 

= HE, [sin 6+ sin 6X (— 0.5) + cos 6 X (0.866) + sin 6 X 
(— 0.5) + cos 6 X (— 0.866)] 

= F, [sin 9 — sin 0) = 0. 


Thus, if there is no e.m.f. of fundamental frequency acting in 
the closed winding, there can be no current of fundamental 
frequency circulating in it. 

In proof of the second fact, adding the triple-frequency com- 
ponents gives 


E; sin (36 + a) + £3 sin [38(0 + 120°) + a] + £3 sin [8(6 + 
240°) + a) = 38H; sin (80 + a). 


Thusif the delta is open at one point (Fig. 169) the triple voltage 
across the opening is three times the triple-frequency 
voltage of one phase. Similarly, with a Y-connec- 
tion with neutral point grounded, the triple-fre- 
quency current flowing into the ground is three times 
the triple-frequency current of one phase. When 
the neutral is grounded, it is no longer necessary to regard the 
system as three-phase, but it may be considered as three single 
phases having a common return, just as with the three-phase four- 
wire system already discussed. A 
The triple-frequency current is 
then perfectly free to flow in each 
line wire, returning by way of the 


Fig. 169. 


: B 
neutral, whereas without the neutral, Se 
the triple-frequency current cannot Cc 
: Brea 1:70; 
exist. 


To find the relation between line current and phase current 
in a A-connected system. 

Let the direction of the phase currents be assumed as indicated 
in Fig. 170 where 


4, = 1, sin 6+ f3 sin (86 + a) 
t = J, sin (6 + 120°) + J; sin [8(@ + 120°) + al] 
a3 = I, sin (6 + 240°) + I; sin [8(@ + 240°) + a] 
Taking the direction of the arrows as positive, the funda- 
mental line current, 


64 = 11 — tg = 11 (sin 6 — sin (9 + 120°)) = 1.78/, sin (6 — 30°) 
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This relationship is similar to that of the voltages for Y-connec- 
tion. Similarly, also, there can be no triple-frequency current in 
the line. 

Voltage Waves with Y-connected Transformers.—In problem 
76, was assumed a sine wave of exciting current. This is approx- 
imately the case with the three-phase Y-connection since there 
can be no triple-frequency current in the line or phase. 

The phase voltage must then look like that of Fig. 151. The 
line voltage as previously seen will 
be a combination of two phase 
voltages, one of which is reversed, 
as in Fig. 171. 

(The depression in the line volt- 
age wave is not actually as deep as 

We et7 1 would appear from using sine 
waves of magnetizing current.) 

If the generator develops a sine wave e.m.f. and the transformer 
counter e.m.f. is much distorted, due to the hysteresis loop effect, 
then the difference between these two waves must be taken up by 
drops along the lines and in the apparatus. 


EONS TG 
iv 1 By Br 


Problem 80.—Given three A-connected transformers. Make a picture 
of the e.m.f. and compare it with that of a single-phase circuit. What is 
the shape of the wave of phase current? What is the shape of the wave of 
line current? Show also, by a sketch that the sum of two exciting current 
waves of a three-phase A-connected system makes nearly a sine wave, the 
triple frequency vanishing. How does the core loss in this system compare 
with that of three single-phase circuits? 

Problem 81.—Given three Y-connected transformers. The line current 
can contain no triple harmonics but only 1st, 5th, 7th, 11th, ete., harmonics. 
The phase voltage, however, has a large triple harmonic. The line voltage 
is a combination of two-phase voltages. What is the ratio of the phase 
voltage to the line voltage? Is it 58 per cent.? Evidently it is higher, as 
the phase voltage contains also the triple- 
frequency voltage. How does the core loss 
of this system compare with that of the A- 
connected system and with the single-phase? 

The flux wave is flat, since there is no 
triple-frequency current. Therefore the Fic. 172. 
maximum value of flux is less, and the 
core loss is less (by about 30 per cent.), than with sine waves of flux. 
Moreover, the exciting current is less because the max. value of the flux 
density is less. 

With open delta connection what will the voltmeter read? Evidently 
three times the triple-frequency voltage per phase. Why? With the 
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neutral wire connected in a Y-system as in Fig. 172, what would be the 
current in the neutral? 

As has been pointed out, this is no longer a real three-phase system, but 
three single phases in which the neutral wire is common to all the phases. 

Evidently the triple-frequency currents can flow in each phase, and since 
they are all in time-phase with each other the neutral will carry three times 
the triple harmonic current of each phase. 

What then, will be the effect on the core loss of connecting in the neutral, 
as compared with leaving it out? 

These problems are stated in such a way as to form the basis for a fairly 
complete discussion, on the part of the student, of the effects which would 
be produced by the different ways of connecting the transformer. 


Three-phase Transformers.—A natural development in the 
use of three single-phase transformers for three-phase work is the 
substitution therefor of a single three-phase transformer. 


(a) 
(0) Po Po 

p 
(c) fo  (e) > Po 


nGemlidae 


Let there be three cores of laminated iron, symmetrically placed, 
connected by legs, each core having on it the windings of one 
phase. This may be done asin Fig. 173, a,b. How, then, should 
the sectional area of the core be calculated? This should evi- 
dently be done in the regular way since each leg has its coil, and 
must have its flux set up by the coil. The yoke, however, cor- 
responds to a A-connection, and the flux in any leg of the yoke is 


a 
V3 sce 

The yoke may also be formed as a Y-connection (Fig. 173, c, b), 
in which the flux in any branch of the Y is the same as that in 


any leg. 


= 58 per cent. of the flux in any core. 
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In practice, however, it is common to employ a form such as 
Fig. 173, d, in which there are three equal legs carrying the coils 
and the yoke is straight across the top and bottom. The whole 
core is built up of laminations, which, except for the diffi- 
culty of placing the coils, could be of one piece. In Fig. 178, d, 
the flux paths are outlined by dotted lines, and it is evident that 
so far as the magnetic core is concerned, coils 1 and 3 are sym- 
metrical with respect to each other, while coil 2 is unsymmetrical 
with respect to 1 and 3. 

Assume the reluctance of one leg to be p, and the reluctance 
of one section of the yoke to be po. 

; Then there may be constructed an analo- 
ee gous electric circuit, as in Fig. 173, e. This 

gives the magnetic circuit which is supplied 
with flux by the m.m.f. of coil 1, on leg 1. 
It may be simplified to Fig. 174, in which 


1 1 1 


pp | p+ 20 
ae p(p + 2po) 
2(o + po) 


The total reluctance of the magnetic circuit of coil 1, is thus 


—e/ 9 _ p(p + 2po) 
p + p+ 20 oe a 


“Tp t32p6 


2p. 
= peer leerer cont ue oe Ph (Be + 2p) 


It is also evident that p, = ps. p 
For ps, the circuit may be considered as . 
made of two parallel paths, as in Fig. 175. ? od a: 
Here, | 
2o— 5) HEY: + 2po). Fie. 175. 


Thus the relative reluctances of the two circuits are 


In a good transformer, the ratio of height to width of the 
window is from 4 to 8:1; the average is about 6:1. 
.. p is from 4 to 8 times as large as po. 
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Assuming p = 6p, 
Pe Tpo 7 


Pl ; Spo eS 
.. p2 has 8744 per cent. as great a value as pi, and the exciting 
current in the middle coil is from 80 per cent. to 90 per cent. of 
that in the outside coils. 

Suppose it were necessary to have equal exciting current in all 
the coils. This could be accomplished by reducing the section 
of the middle leg. 

But, in this case, the core loss would be unbalanced, for it is 
approximately proportional to the square of the flux density 
which would be increased in the middle leg. : 

Therefore, there must be some unbalancing. In practice all 
parts are made of equal section, including the yoke. It is there- 
fore easy to calculate the saving in material over three single- 
phase transformers. 

Question. Considering wave shapes as discussed above if the 
coils are connected Y, will there be a triple-frequency voltage? 

It has been shown that the triple-fre- 
quency currents are in time-phase in the 
different phases. Hence they produce 
fluxes in time-phase with each other. These 
then neutralize each other or pass around 
through the air which makes them very 
weak. The induced triple-frequency volt- 
ages are therefore very small. Thus a three-phase Y-connected 
transformer acts.like three choking coils as far as the triple-fre- 
quency current is concerned. Their 
flux paths being largely in air, the 
hysteresis loops are very thin, causing 
small distortion. Therefore, core- 
type three-phase transformers behave 
much like three A-connected single- 
phase transformers as regards triple- 
frequency harmonics. 

Shell-type Three-phase Trans- 
formers.—These could be made by 

Pra. 177, placing three single-phase shell-type 
transformers one on the other. In such a case, the leg with the 
coil has a width, a, while the other legs have widths a/2 (Fig. 
Lid): 


IE Gaala@s 
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The combined intermediate sections or widths, b, could be re- 
duced to Mie a, since the fluxes differ by 30° in time-phase, in 
adjacent intermediate sections. This is seen to be the case by 
noting the dotted lines in the figure. Arrows indicate what may 
be called the positive direction of the flux and these directions 
are opposite in the adjacent intermediate sections. 

If now the middle coil is reversed, the positive direction of the 
flux in the middle transformer is reversed, and the flux phases in 
intermediate adjacent sections have a 60° relation. The total 
flux in these sections is therefore 
exactly the same as that in the out- 
side section, and required width of 
section 6 is also that of the outside 
section namely, a/2. Transformers 
are therefore designed as in Fig. 178, 
with all width dimensions a/2, except 
the middle legs which have the 
width, a. 

To prove that in reversing the 
middle coil the flux produced is in 
amount the same flux as when the 
coil is not reversed. 

The flux produced by coil 1 is © sin @. Flux produced by coil 
2, reversed, is — ® sin (9 + 120°). The flux due to the two coils 
is then 


Tiger, Iresks 


® [— sin 6 — sin (6 + 120°)] _ 
= ®([— sin @ — sin 6 cos 120° — cos @ sin 120°] 
= — (0.5 sin 6 + 0.866 cos 6] = — sin (6 + a) 


where a = 30°. 


Problem 82.—Discuss the wave shapes of three-phase transformers. 
Show that in the core type, it makes very little difference whether the neutral 
is connected or not. 

Show that, in the shell type, the waves are essentially the same as those 
of three single-phase transformers. 


Open Delta Transformer Connection.—If one of three delta- 
connected transformers is disabled it is possible to operate at 
reduced output with the remaining two, connected as shown 
ih ise 79. 

The following is a comparison of the use of two transformers 
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and three transformers when the power delivered is assumed 
equal in the two cases. 


[as < 
Current in transf ag i 
SLOLIN Cerra es 
Pp) V3 
Voltage across transformer... E>, E E 
EI 
Rating of each t f wa: rs He 
g 1 transformer 73 E 
: ‘ : EI i“ 
Rating of installation........ 3 8 = /3EI 2EI 
: : oh 
Ratio of transformer capacity = “9 «in favor of the three 


transformers. However, it may be cheaper, in a given initial 
installation, to buy two large transformers _1r 
than three small ones. 

Now, assume a three-transformer in- 
stallation in which one transformer has 
been disabled. How much should the 
load be reduced to give normal operation 
of the remaining two on open delta? 


ives, aly 


: d : vel 
The line current must evidently be reduced in the ratio —= 


V3 


since the line current and the phase current are now the same. 


_ The output, which was 1/3£T, therefore becomes ~/3E = 900% 


if 
Therefore the ratioof outputs is ae 77 0.58 or less than the 


ratio of transformer capacity which is 2/3 or 0.666. 
Two transformers are frequently 
used both for three-phase and for 


Teeest, if a combination of three-phase-two- 
h E af 
a ‘ phase transformation being con- 
d . 
Re edaic faiaais nected in a manner known as the 
Fig. 180. T- or Scorr connection. 


T-connection of Transformers. 
—-This connection is illustrated in Fig. 180. The connection is 
used commonly in circuits with rotary converters, where a wire 
may be brought out from the neutral, h’, and connected to the 
middle wire of a three-wire system on the direct-current side. 
In this case the direct current flowing in the transformer wind- 
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ings has no magnetizing effect since it flows in opposite direc- 
tion in the two halves of the transformer windings. 

It consists of a so-called “‘main’”’ transformer with a tap 
brought out at the middle points of its windings and a “teaser” 
transformer of 0.866 times as many turns, one terminal of which 
is connected to the tap, d, of the main transformer. The three- 
phase lines are brought to the terminals, a, b, c, which are at the 
three vertices of an equilateral triangle. Thus, if the base, ac, 
of the triangle has the length, 1, its height, bd, will be 0.866. 
The center of this triangle will be at a point, h, called the neutral. 

Rating of T-connected Transformers.—Three-phase output 
= \/3EI, where E and J are line voltage and current, respect- 

ively. Rated output of the two transformers 


= HI + 0.866HI = 1.86641. 
.. Ratio of the output to the transformer 
L866 = 0.925 or 92.5 percent. This 


means that for the same values of F and J, 

Trae ist. three single transformers would need to have 

only 92.5 per cent. of the kva. rating which 

the T-connected transformers would have. Thus, the T-con- 

nection is nearly as good. It may in some cases be cheaper, as 
it involves only two transformers. 

Two-phase—Three-phase Transformation.—Let two-phase 
currents be led to the primaries, 
while three-phases are taken 
from the secondaries. Con- £ 
sidered as 1:1 ratio of the main 
transformers for convenience 
only, the teasers would be in the 
ratio 1:0.866. Neglecting excit- 
ing current the two-phase input = 2EI, = three-phase output 
= V3EIs. 


rating is 


< 


Ny 


Fig. 182. 


P 2 
ae V3 I = 1.16I. 
The rating of a transformer may be taken as the average of the 
input and output, and it is therefore, 
Rating = 14 [2EI + 1.16EI + (0.866E X 1.16J)] 
= 4 [2EI + 1.16KFI + EI). 
EI + 1.08 EI = 2.08 EI. 
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The so-called cost efficiency is therefore 5 ng = 0.96, that is, 


the rating is 96 per cent. of that of two transformers for an 
ordinary two-phase transformation, or for two single-phase trans- 
formers. That is nearly as good as using three transformers for 
the three-phase and, there being only two transformers, possible 
economy is suggested. 

The question arises as to how it is that, with such connections 

the magnetization is uniform. If it is not uniform, there will 
be complications due to over and under saturation in the different 
parts of the cores. Therefore, the sum of the magnetomotive 
forces due to the load current in the branches of the windings must 
add up to zero, that is, the two-phase load ampere-turns in each 
branch must be balanced by the correspond- 
ing three-phase ampere-turns. Let oa, ob, 
oc (Fig. 183), represent the three-phase AT, 
in amount and direction. Let de represent 
the two-phase AT in the main transformer. 
To obtain the three-phase projections on the 
two-phase line, it is necessary to take the Fie. 183: 
components of oc and ob on the horizontal. 
These equal de. The components, however, are in opposite 
directions, but due to the fact that the turns from c to b are evi- 
dently all in the same direction, 0b must be projected backward 
to ob’. This causes the vertical components, 6’d and de to be 
in opposition and they therefore cancel each other. 

The proof of this by trigonometrical relations is as follows: 

m.m.f. of primary = Jt sin 0, where ¢ is the number of pri- 
mary turns. 


sGliae 

m.m.f. of od = J 9 Sin (@ + 210°) 
Gicmee 

m.m.f. of 06 = 3 sin (@ — 30°). 


: hive . : a 

Motalem.m.1..=— [¢ sin @:-4- 1.165 [sin (@ + 210°) + sin (6 — 30°)] 

Ti sin 6 — 0.58/¢t [sin (6 + 30°) + sin (6 — 30°)] 

= It sin 0 — 0.58/t [sin @ cos 30° + cos @ sin 30° 
+ sin 6 cos 30° — cos @ sin 30°| 

= Jt sin 6 — 0.58/t (1.73 sin 6) = 0. 


This means that the load current does not increase the magneti- 
zation of the transformer. 
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In the case of the teaser transformer, both the primary and the 
secondary are in the same direction in space and time, that is, 
they bear the same phase relation as with single-phase trans- 
formers. Therefore, the ampere-turns relation is; secondary 
A.T. = 0.866 X 1.16EI = EI = primary ampere-turns. There- 
fore as turns are proportional to voltage, the m.m.fs. are equal. 
It is always possible to buy transformers of both 10:1 and 9:1 
ratios from stock. For practical reasons 9:1 is used instead of 
8.6:1. With these ratios, connection can be made to nearly any 
system in practical operation. 

Auto-transformers (also called compensators).—Auto-trans- 
formers are transformers with only one winding. The primary 
voltage is applied to the coil terminals; the sec- 
ondary voltage is obtained by connecting to taps 
at any desired places of the winding. 

The general connections of the single-phase 
auto-transformers are as in Fig. 184. Let J; and 
I, be the primary and secondary currents, respec- 
tively. 


Ihe current in ab. 
I, — I, = current in be. 


The rating of the section ab is I;(#, — Ee). The rating of 
section be is (Iz — I,)E2. The rating of the auto-transformer is 
the average of the sum, or 


Wik; oe I,E2 ae I,E2 i I, Eo] 


rating = 14 
= 6 [hE, + Inf, — 21,F,). C111) 


Neglecting exciting current, as in any transformer, the volt- 
I, 


age and current ratios are 2 Sor I,E, = I,E,. Substi- 
tuting for J2H» in (111), the a aie herenes 
rating = )4 [21,#, — 21,F.[ = I, [EZ — E)]. 
The per cent. rating for a given current is 


L(#; — BE.) _ B, — Ee 
Ey ee Sh gaat 


Thus, if H, = 90 per cent. of Ei, 


; 1 — 0:9 
Per cent, rating = -——y~ = 0.1, or 10 per cent. That is, it is 
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necessary to supply only 10 per cent. of the rating of an ordinary 
transformer to effect this transformation which is obviously a 
great gain in cost efficiency. If the voltage is to be reduced in the 
ratio 2:1 the economy of using an auto-transformer instead of an 
ordinary transformer is not so great. The saving is in this case 
about one-half. 

Problem 83.—Show the advantage of using auto-transformers by plotting 
a curve between per cent. rating of the auto-transformers and transformation 
ratio. 


Compensators for Two-phase—Three-phase Transformation. 


'. —In Fig. 185, let the two-phase taps be cb and ef, and let the 


three-phase taps be a, d, g, and let H. and Iz be two-phase volt- 
age and current respectively and H; and I; be— 
corresponding values for three-phase. Neglecting 
losses, 1/3H3l3 = 2EoI2, is the power relation be- 
tween input and output. 

Considering separate parts of the windings, cur- . rear 
rent in ab = I3; voltage in ab = 0.866H3 — ‘Eo, = Fyq. 185. 
since voltage in ac = 0.866H3; rating of ab = 
(0.866£3 — E2)I3; current in bh = I, — J3. In this case Ig > 
I;, Ez being > Ey. Voltage in bh = E, — 14 0.866 3 since he = 
lac; rating of bh = (I2 — I3)(H2 — 1 0.866Hs); current in he 
= I, — I3, since the resultant sum of two equal currents 120° 
apart is numerically equal to one of them. The three-phase 
current in hc is the sum of the currents of the phases hd and hg, 
indicated by dotted lines. 

Voltage in he = 14 0.866 £3; 
rating of he 1g 0.866 E3 (Ie — Is); 

current inde = J; = current in fg; 

voltage of de = 14 (HE; — H2) = voltage of fg; 


rating of de = = (HE; — Ee) = rating of fg; 
current in ec = ~/ (12 — [3 cos 30°)? + Us sin 30°)? = current in 


cf, that is, it is Jz — the component of J, in phase with I, + j X 
the component of J; normal to J. 


Voltage of ec = = = voltage of cf. 


Rating of ec = ali — I; cos 30°)? + (3 sin 30°)? = rating 
of cf. 


16 
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The combined rating, which is one-half the sum of the ratings 
of all the parts, is 


C9230 teal phel, 1° 0.pielaee 
O.5He SCA Ia? 21 yo) alee 


An examination of this rather complicated expression will show 
that the same ratio of cost efficiency holds with reference to the 
T-connected transformers having primary and secondary wind- 
ings, as holds for single-phase auto-transformers compared with 
ordinary single-phase transformers. 

Dissimilar Transformers in Series.—Transformers may not be 
indiscriminately connected in series with safety. 

To connect two transformers of different design but proper 
rated voltages in series is not always safe, since they may not 
take their proper share of the total voltage. One may even burn 
out at no-load due to excessive core loss. Suppose that their 
normal exciting currents are different Since the same amount 
of current must flow through each transformer (as they are in 
series), this current will be insufficient to give the proper flux in 
one of the transformers and will be more than necessary in the 
other. Thus the voltages will not divide according to the rating 
and the core loss will be low in one and excessive in the other. 
Let the open circuit or exciting impedance of A, Fig. 186, be 


rT =-92 = 12) 

that of B, 
ae Nr JX = @1. B 
The total impedance is then Z = z+2, =R+ O.& Fig. 186. 
Then the exciting current of the two transformers in series is 


€) _ impressed volts. 
Za R+ 7X 


Voltage across B is 
a €0 : 
Vz = RAGS. (ri + ja). 


Neglecting the power component, we get asa fair approximation, 
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agers 0.50 : 
1 ieoeay approximately, 


€0 


VY = — i AB a 
a Dae ~<a ayer ee, 


Va See 
ae ae H ie 
eee 
where Im,z,andI,,,4, are the normal magnetizing currents. Thus, 
the respective voltage drops across A and B, when in series, will 
be approximately inversely proportional to the normal magnetiz- 
ing or exciting currents. 

This assumes constant values of x and 21, which would not be 
true if the resultant exciting current differed widely from the 
normal values of exciting current of the two transformers. 

If x is nearly equal to x71, the above ratios would hold. - Where 
one transformer, however, is saturated, its reactance is greatly 
diminished, which allows a greater current to flowin the circuit but 
tends to equalize the voltages. 

Dissimilar Transformers in Parallel.—This is the usual mode 
of connection and it offers no difficulty due to unequal exciting 
currents. The question, here, is one of proper division of the 
load. In giving orders for additional equipment, it is customary 
to specify what the percentage reactance of the new transformers 
shall be. With equal, or proportional, reactances there results 
a proper division of the load. Consider the parallel connection 
as shown in Fig. 187. 

The two load currents are: 


L4 =1 = qtss 
Iz == 1 + jt’. 
The total load current, 
Me Jape ab 


ieicel, WEE 


Let 
Za, =r-+ jeand Zp = 1 + jar, 


be the impedances of A and B respectively. 
Then, since the terminal voltages are the same on each, the 
voltage drops in the transformers are equal, and are: 


G+ je) (7 + jx) = Gr + F's) (11 + jaa). 
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Multiplying out, 
in + jie + jr — ee = tar + fies + a1 — 1101. 
Here, the real components must be equal and the imaginary 
components must be equal. 
ar x = a1 ee 4’ 101, 
and 
1a ++ ar = 1101 + 0171. 
Neglecting resistances, 


—Ue = — 01h 
and 
1 = 121, 
whence ' 
a! 71. t la 1 
' Pad see ace 


Thus, the load is divided in inverse proportion to the reactances. 
The best method of connection is as in Fig. 188. The student 
is advised to explain why this is so. A c 


Fig. 188. Fie. 189. 


Three-phase Connection of Dissimilar Transformers.—lf 
the three transformers are connected Y—Y there will not be 
symmetrical distribution of voltage. Consider the neutral 
point, O, Fig. 189, with reference to the transformers A and B. 
With line voltage impressed on AB, the potential at O may have 
any intermediate value, just as with two single-phase trans- 
formers in series, depending on the relative open circuit im- 
pedances of the two transformers. 

The point of junction of the three transformers may, for in- 
stance, be displaced to O’. The secondary Y-voltages would 
have a similar relationship to each other. Dissimilarity may 
consist merely in variation in the iron of two supposedly similar 
transformers. 

If the secondaries are connected in A, the primaries being 
Y-connected this difficulty of unbalanced potentials is eliminated. 

The induced voltage in each secondary will, of course, be 
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proportional to that of its primary, giving the closed A, ABC, 
Fig. 190, when the primary circuit is balanced. 

With unbalanced condition, if the A is left open at B, the vol- 
tage vectors will not make a closed figure, but as shown by the 
dotted lines, will leave an opening between B’ and B’’. If the 
A is then closed, the voltage B’B”’ will act in the A circuit, sending 


B a local current which will increase the 
yh magnetization of the transformer whose 
ye flux is below normal and decrease that 
7 i of the transformer whose flux is above 
< aN H 
Cc B’ \ 
/ \ | 
A fom ap a eel peters eater on 
res 190; Iie. 191. 


normal, Thus the magnetization is brought back to normal 
value, the local current in the A serving to anchor thé neutral 
point of the Y. 

Three-phase transformer systems may be extended in a variety 
of ways to cover cases where it is desirable to use six phases. 
This practice finds application especially with rotary, or syn- 
chronous, converters, and it will be discussed more fully under 
that heading. Such combinations of transformers as permit 
symmetrical grouping of voltages are illustrated by the double A, 
double T, or double Y shown in Fig. 191. 


CHAPTER XXXIII 
ALTERNATORS 


Fundamentally, direct-current and alternating-current genera- 
tors are alike. An alternator becomes a direct-current generator 
by adding a commutator. The essential principles of both 
machines have been developed in Chaps. VI and VII. 

In Fig. 192, a, is represented a simple alternator with atwo-pole 
field core magnetized with direct current from some independent 

source, and an armature with 


pen ead ba a single coil. As this armature 
(9) ©} @ revolves there is generated in it 
eg an e.m.f. which follows closely 

hae ie a sine wave of time values. It 


is apparent that the space on 


1 122 152038 : : 
a OO 5- ce aoaa the armature periphery is not 
. all utilized, and that another 
(a) (b) (c) aT ld b P 
Fig. 192: cou cou e put on 1n space 


quadrature to the first. In 
such a case, two similar e.m.f. waves would be produced but in 
time quadrature with each other, or at 90° time-phase displace- 
ment, that is, one wave would reach its maximum one-quarter 
of a period later than the other (Fig. 192, 6). 

Such an alternator is called a two-phase, or, sometimes, a 
quarter-phase machine. 

On the same principle, an armature may be supplied with three 
coils, or groups of coils, spaced 120° apart, each group giving its 
separate e.m.f. wave (Fig. 192, c). 

In this way, any number of coils or groups of coils may be 
wound on an armature, giving any desired number of phases. 
In practice, however, the majority of alternators are three- 
phase, and very seldom is one built for a greater number of 
phases than three. 

The voltages generated in the various phase windings may be 
conveniently shown in their proper relations by vectors. 

If in the two-phase case, the ends 1’ and 2’ (Fig. 193, b), are 
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joined together, the voltages of the two coils will be added 
vectorially, so that a voltmeter placed across the terminals, 1, 2, 
would read +/2 times the voltage of either coil taken separately, 
since the two voltages are in time quadrature. Likewise by 
connecting 1 and 2’, the joint reading across 1’ and 2 will obvi- 
ously also be ~/2 times the voltage of one phase. 

With a three-phase machine it is not quite so apparent that the 
voltage between the three collector rings is 1/3 times the voltage 
generated in one phase. At first sight it might be expected that 
the resultant voltage should be the same as that generated in 
each phase since the voltages are 120° apart. 


1 


B 
1 1 
| = oe O A 
(a) sa 2 
AG Pe eas: . 


Fie. 193. Fig. 194. 


Let, in Fig. 194, OA, the voltage of phase A, be represented by 
é, = H,, sin wt. 
Then OB, the voltage of phase B, is evidently 
ég = E,» sin (wt + 120), 
and 
ecg = Em sin (wt + 240). 
The voltage between collector rings A and B is thus 
é4 — ep = LH, [sin wt — sin (wt + 120)], 
which, by simple trigonometric transformation becomes, 
é4 — ep = V3E~ sin (wt — 30°). 
Thus the numerical value of the potential difference between the 
collector rings is 1/3 times as great as the voltage generated in 
each phase and the resultant voltage is displaced 30° from the 
voltage generated in phase OA. 


Problem 84.—Prove that the voltage between B and C is: 
/3Em sin (wt + 90), 
and that the voltage between C and A is: 
1/3Em sin (wt + 210). 
It is seen, thus, that the voltages between the collector rings are also 
120° apart. 
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It is interesting to note here that a single-phase machine might 
be treated as a two-phase machine in which the two phases are 
180° apart as is shown in Fig. 195. 

Let the voltage generated in OA be £,,.sin wt. Then that 

generated in OB is E,, sin (wt + 180). Thus 
Bo A the difference of potential between the collector 


Fie. 195. rings at A and Bis 
é4 — ep = EL, (sin wt — sin (w’ + 180) = 2E,, sin wt. 


The resultant potential difference is twice the voltage generated 
in each phase, as should, of course, be the case. 

This fact could have been developed also geometrically. 

To find the potential difference between A and B, Fig. 194, we 
should subtract OB from OA as shown in Fig. 196. 

It is not necessary that the windings shall consist of separate 
coils. A closed ring winding, or Gramme ring, may be tapped at 
symmetrical points and these connected to slip rings, as in Fig. 
197. Thus, if a voltmeter is connected across the slip rings (1, 1), 
the voltage of one phase is read. If connected across rings (2, 2), 
the same value of voltage will be indicated, but it is evident that 
the phase of this e.m.f. is displaced by 90 time degrees from that 
of the first. 


Fia@., 196. Fira. 197. 


With the three-phase connection taps are brought out at 
points 120 space degrees apart and led to slip rings. A volt- 
meter, connected across any two rings, will read the voltage 
of one coil, say coil a, Fig. 197. But this must also be the sum of 
the voltages of the other two coils, since any one coil is in parallel 
with the other two coils with respect to the external circuit. 
The voltages in this case form a closed, so-called delta, A, and it 
is evident that the phase voltage and line voltage, or voltage 
between the collector rings, are equal. 

In these diagrams only three collector rings and three lines are 
shown. Yet in the discussion it has been assumed that one side 
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of each winding is connected to a common point. It would seem, 
therefore, that at least four collector rings and lines might be 
necessary to form a complete system, in other words, that even a 
balanced three-phase system would involve four wires as is shown 
in Fig. 199. It is evident that if, with a balanced system, the 
current in an ammeter placed at N is always zero, then no return 
or fourth wire is necessary. 


N 


Fie. 198. Iie. 199. 


Let the current in phase A be 
ta = Im (sin wt) and the current in phases 
Band C be % = Im sin (wt + 120) and i, = Im sin (wt + 240). 
The current in JN is then ° 
Go, = ty Ae ty SE tp S IG On = ©, 


Problem 85.—Prove that no circulatory current of fundamental frequency 
flows in the delta-connected generator. 

Since with the Y-connected generator the transmission lines really form 
extensions of the windings, it is evident that whatever current flows in the 
line also flows in each winding. i 

With the delta-connected generator this is not so, because the line current 
is the vector sum of the currents in the adjacent phases, as is shown in Fig. 
198. The current in phase 1-2 may be considered the zero vector. Thus 
the currents in the phases are: 

tie = lhegs sin wt, 
dos = Im sin (wt + 120), 
%31 = Lin sin (ct + 240). 
Then, since the sum of the currents flowing to a eae is zero, 
42 + 123 — 7122 = 0, 
Or t, = t12 — t23 = Im sin wt — Im sin (ot + 120) 
/3Im sin (wt — 30). 

The line current is thus 1/3 times as large as the current in the individual 
phases. 

Referring to Fig. 198, it is evident that 


t3 + i31 — t32 = Oand + tig — %31 = 0. 


Problem 86.—Prove that the currents in lines 3 and 1 are, respectively, 
V/3Im sin (wt + 90) and 1/3/m sin (wt + 210). 


The power given by a three-phase alternator is 
P = V3EI cos a, 
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whether the alternator is connected Y or A, where J is the effec- 
tive value of the line current and EF the effective value of the 
voltage between the lines, and a is the angle of lead or lag of the 
phase current in reference to the phase voltage, that is, cos @ is 
the power factor. 

To prove this, consider a Y-connected generator. 

Since J is the line current, it is also the current in each winding. 

Since E is the line voltage, the voltage of each of the three 


E : 
phases of the generator is Va Thus the power given by each of 
‘aol. 
the three phases of the generator is V3 cos a, and the total 
EI = 
ower, 3 —= cos a,= ~/3HI cos a. 


Problem 87.—Prove that this also applies in the case of a delta-connected 
generator. 


Voltage to Neutral.—In Y-connected alternators the neutral 
point is the center of the Y. On a three-phase distribution 
system it is often advantageous to run a fourth wire from the 
neutral. 

The voltage between any of the other wires and the neutral 
is the phase voltage, and is equal to the line voltage divided by 

3. 

In a A-connected alternator there is no actual neutral point. 
However, for purposes of calculation, a neutral point is imagined 
at the center of the delta, and the voltage to neutral 
is then the phase voltage divided by +/3, or, since 
the phase voltage and the line voltage are the same, 
it is equal to the line voltage divided by +/3 as with 
Y-connected alternator. The voltage to neutral is 
thus independent of the manner of connecting the alternator 
windings. 

Rating of Alternators.—As with transformers, alternators are 
rated in kilovolt-amperes, not in kilowatts. This is because 
the permissible output of an alternator depends on the current in 
its windings, regardless of the phase relation between the current 
and the voltage. 

The nominal rating of an alternator may be designated as, for 
example, A.7.B. 12-400-600-2300, where A signifies alternator, 
T signifies three-phase, (S is for one or single-phase), B signifies a 


Brae, 200: 
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revolving field. If the armature is the revolving part, the third 
letter is omitted. 


12 signifies the number of poles. 
400 signifies the rating in k.v.a. 
600 signifies the speed in r.p.m. 

2300 signifies the rated voltage. 


Sometimes a subscript is added to the second letter; thus, 
AT? signifies a three-phase revolving armature alternator having 
two slots per pole per phase on the armature. 

If the above alternator is Y-connected, the phase voltage, or 


2300 
voltage to neutral, is —~= = 1330 volts. 
WB 


400 k.v.a. 400,000 


NRL Oa) | SER Oe 


The line and phase current is 


amp. 
If delta-connected, the voltage to the imaginary neutral is 


likewise 1330. 


: 5 . 100 
The line current is also 100, but the phase current is oF = 


57.7 amp. 


CHAPTER XXXIV 
ARMATURE REACTION 


The so-called armature reaction of a machine is a measure of the 
m.m.f. of the armature. It is thus expressed in so many ampere- 
turns, either on the whole circumference of the armature or, 
more often, the m.m.f. on one pole of the armature. ‘This latter 
convention will be used in this book. 

As will be seen, the m.m.f. of the armature current sometimes 
acts against the m.m.f. of the field excitation, sometimes it 
assists it, and often its effect is only to shift the flux. 

In Fig. 201 the coil (1, 1) is in the position of zero, or mini- 
mum, e.m.f., assuming the flux to be symmetrical in the field 
system, or due to the field ampere-turns alone. The coil (2, 2) 
is in the position of maximum e.m.f. This condition may be 
assumed to hold for no-load. The coil (3, 3) is in an interme- 
diate position. The current may or may not be in time-phase 


Tia. 201. Fig. 202. 


with the e.m.f., but whatever its time-phase relation may be, 
in space, it is evident from Fig. 201 that the m.m.f. of the coil 
is at right angles to the surface of the coil, and therefore at right 
angles to the line which represents the position of the coil. 

In Fig. 202 let the armature current lag behind the e.m.f. Its 
m.m.f. is seen to be largely in opposition to that of the field which 
causes the main flux, and this opposition increases the greater the 
lag and becomes complete at 90° lag. Similarly a leading current 
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increases the flux. The current, 7, may be divided into two 
components, one of which, 2’’, is entirely wattless and exactly 
opposes the field flux, and the other, 7’, the watt component in 
phase with e;, which merely distorts the field. The effect of 
current in the armature is to weaken the resultant flux and to 
displace its maximum position, if the current lags, as shown in 
Fig. 203. The weakening is due to the wattless 
component, the displacement or distortion to the 
power component. 

Thus the trailing pole-tip may even become \ 
saturated, while the leading pole-tip is robbed of 
a large part of its flux. The position of the coil 
for maximum induced e.m.f. is shifted ahead, with 
lagging current, and behind, with leading current. 
These relationships are shown in Fig. 204, where 
the induced e.m.f., @, is taken as the zero vector. 
é; is at right angles to the resultant flux, ¢,, and lags behind it. 
The armature current, J, is taken at any angle and produces a 
flux ¢, in time-phase with it. This flux vectorially subtracted 
from ¢,, gives ¢;, the field flux. In phase and 90° in time 
ahead of the current are respectively, Ir and Iz, the e.mf. 
consumed by the armature resistance and that consumed by 
the armature reactance. These com- 
bine to make Jz, the impedance drop, 
which, subtracted from e¢;, gives e the 
terminal voltage. The phase angle of 
the load is then @. 

In constructing the diagrams there is 
some advantage in using ampere-turns 
instead of fluxes, since then no compli- 
cations arise from variable magnetic 
reluctances. This has been done in 
Pig, 207, Chap. XXX V. 

At no-load, J = 0, e; = eand ¢y = ¢;. 

In Fig. 204 the angle y is the angular 
space displacement of the armature with respect to the field 
poles, due to the load, that is, the angle between ¢, and ¢,, 
or, y = B — 90°, where @ is the angle between e; and ¢;. a is 
the angle between e; and e. Considered on the basis of experi- 
mental data, e, J, r and x are known and ¢ is chosen as the zero 
vector. 


HnGee2 Oar 


Pr 


Fic. 204. 
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Then the induced e.m-f., 
E;=e+1Z=e+ («+ jiy(r + ja) 
; is etirt+ jix + jiur — 12 
(e+ ir — iz) + (iz + tir) = a+ yb (112) 


where I =i+ ji, for leading current, and 7% is negative for 


ll 


lagging current. From the saturation (magnetization) curve of 
the generator the number of ampere-turns needed to produce this 
voltage is found. Let F, = the resultant m.m.f. = C (a + jb) 
or, rather, F, = jC(a + jb) because, in space, as has been shown, 
the m.m.f. is rotated 90° with respect to E;. 
Then, 
F, = C(— b + ja). 

But the resultant m.m.f. is the vector sum of the field and 

armature m.m.fs. That is, 


PF, = Fy + Fo = Fs +m (+ jr) (113) 


Thus, C is the proportionality factor between the resultant 
field ampere-turns and the volts, and m is that between the 
armature ampere-turns and the current. 

Examples—lf EF; = 2500 volts and F, = 3000 amp.-turns, 


3000 
00a y 
In a three-phase machine, m = v2 x ? Se = 2.12t, where 


¢ = turns per phase on the armature. (This factor is discussed 
more fully later.) The quantity, V2, enters in order to derive 

the maximum value of the ampere-turns from 
R the effective value; 1.5 comes from the fact 
that the resultant field of a three-phase system, 


y 


——_——— 


1 

1 

| 

i} 
—-£ 

| 

if 

l 


H as an armature, or induction motor field, is 1.5 
times that of a single-phase system. This is 
Fic. 206 shown as follows: Consider the components 


of flux along the two axes (Fig. 205). The three 

x-components in space are H, H cos 120°, H cos 240°. The 

components along the y-axis in space, are 0, H sin 120°, H sin 

240°. The components of all the phases in time are H cos 6, 
H cos (6 + 120°) and H cos (@ + 240°). 

Hence the sum of components along the z-axis in time and 


space is H cos 6 + H cos (@ + 120°) cos 120° + H cos (6 + 240°) 
cos 240° = 1.5H cos 0. 
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The sum of components along the y-axis in time and space, is 
0+ A cos (6 + 120°) sin 120° + H cos (6 + 240°) sin 240° = 
1.5H sin 0. 

Transposing (113), the field m.m.f. is 

Py = F, — ma + jt) 
C(—b + ja) — mG + ja) 
— DC + ga — mi — mjry 
= — 0C — mi + j(aC — mij) (114) 

(With lagging current, 7; is negative.) 

Numerically, F; = V(— bC — mi)? + (aC — mi)? (115) 

Problem 88.—A certain alternator has 10 per cent. reactance and 2 per 
cent. resistance drop with full load current. It has an armature reaction 
with full load current which is one-half the no load field ampere-turns. 
How many ampere-turns are required in the field winding when the alter- 
nator is carrying full-load current at 80 per cent. power factor? 


Since the drops are given in percentage, e will be taken = 1, andJ = 1. 
Then at 0.8 P.F., 


= Oe th = = OG, 
and a=e+ar—iws 
= 1+ 0.016 + 0.06 = 1.076 
and b =ix + tir = 0.8 — 0.12 = 0.68. 
On the percentage bases, also, let 
C = ik, 
m = 0.5. 


The ampere-turns required for the field will then be 


ieann/ Ce 0.68014)? e076 6 0.8)2= 1.45. 
For non-inductive load, 7; = 0Oandi = 1. Then 
Been) eee = 01.023) 


and Ry == IMAG: 
As a continuation and amplification of this problem, consider the follow- 
ing: 


Problem 89.—A three-phase generator has 2 per cent. resistance and 10 per 
cent. reactance. Its armature reaction is one-half the no-load field ampere- 
turns. The magnetic reluctance is uniform all around the periphery and the 
saturation curve is a straight line through the origin, at the point of 
operation. 

Plot the field excitation (a) against armature current, with variable non- 
inductive load, up to high overloads; (6) at full-load current, but with vari- 
able power factor—leading and lagging; (c) with full-load power output and 
variable power factor; (d) same as (a) but at 20 per cent. higher voltage; (e) 
same as (b) but at 20 per cent. higher voltage; (f) same as (c) but at 20 per 
cent. higher voltage; (g) same as (a) but at 80 per cent. of rated voltage; (h) 
same as (b) but at 80 per cent. of rated voltage; (7) same as (c) but at 80 per 
~ cent. of rated voltage. 
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By equation (115) 


F, = V(— bC — mi)? + (aC — mi)? 


where 
Cesena Oro 
r = 0.02, 2 = 0.1 
a=e-+ir — ua, 
ay Se en SS Op 
(a) e = 1,7 = variable, 7; = 0. foul aoe 
F, = V(— 0.1i — 0.51)? + (1 + 0.02)? = -V/(— 0.6)? + (1 + 0.02%)? 
= 4/ 0.367? +1-+ 0.042 + 0.00047? = V1 + 0.047 + 0.36042? 
Tabulating: 
een nee 0.0 0.25 0.5 0.75 1.0 1.25 1.5 2.0 
0.04% 0.0 0.01 0.02 0.03 0.04 0.05 0.06 0.08 
TOES 0.0 0.0625 | 0.25 0.5625 | 1.0 1.56 2.25 4.0 
0.360472.| 0.0 0.0225 | 0.09 0.2027 | 0.3604 | 0.562 | 0.811 | 1.442 
Ge Meons| uae 1.0325 | 1.11 1.2327 | 1.4004 | 1.612 | 1.871 | 2.522 
a eee 1.0 1.014 | 1.052 | 1.109- | 1.182 | 1.269 | 1.366 | 1.587 
(d) e = 1.2; Fy = V/1.44 + 0.0487 + 0.3604i2 
0.048% 0.0 0.012 | 0.024 | 0.036 | 0.048 | 0.06 0.072 | 0.096 
(Fy)2.. 1.44 1.4745 | 1.554 | 1.6787 | 1.8484] 2.062 | 2.323 | 2.978 
Py Ase. 2 Util) 122444) 1229S S69 nl a1 48 nie tho etree 
(9) e = 0.8; Fy = V/0.64 + 0.0327 + 0.360472 
0.032% 0.0 0.008 | 0.016 | 0.024 | 0.032 | 0.04 0.048 | 0.064 
(Fy)2.. 0.64 0.6705 | 0.746 | 0.8667] 1.0324 | 1.242 | 1.499 | 2.146 
I Dies 0.8 0.819 | 0.863 | 0.93 1,012) |wateti5 a) \ely222e0emtes6s 
(bt) I =1, PF. = 7 = variable, e = 1. 
Fy = V(— 0.61 — 0.02%)? + (1 + 0.02% — 0.611)? = V/s? + #2 
Paes 0.0 0.25 0.5 0.75 1.0 0.75 0.5 0.25 0.0 
Caer ete 0.0 0.25 0.5 0.75 1.0 0.75 0.5 0.25 0.0 
atte ee 1.0 0.968 | 0.866 | 0.661 | 0.0 |—0.661 |—0.866 |—0.968 |—1.0 
0.60 0.0 0.15 0.3 0.45 0.6 0.45 0.3 0.15 0.0 
0.0241 0.02 0.01936} 0.01732} 0.01322} 0.0 |—0,01322|/—0.01732|—0.01936|—0.02 
UN iors —0.02 |—0.16936/—0.3173 |—0.4632 |—0.6 |—0.4368 |—0.2827 |—0.13064| 0.02 
ea 0.0004 | 0.0288 | 0.1008 | 0.215 | 0.36 0.191 | 0.08 0.017 | 0.0004 
0.027....| 0.0 0.005 | 0.01 0.015 | 0.02 0.015 | 0.01 0.005 | 0.0 
— 0.6i:../-0.6 |—0.58 |—0.52 |—0.3965| 0.0 0.3965 | 0.52 0.58 0.6 
ree cs 0.4 0.425 | 0.49 0.6185 | 1.02 1.4115 | 1.53 1.585 | 1.6 
Fs aye 0.16 0.181 | 0.24 0.383 | 1.04 2.00 2.35 2.515 | 2.56 
s? + #2 0.1604 | 0.2098 | 0.3408 | 0.598 | 1.4 2.191 | 2.43 2.532 | 2.5604 
i panetee 0.40 0.4575 | 0.584 | 0.772 | 1.182 | 1.48 1.56 1.59 1.6 
(e) e = 1.2, Fy = V/(— 0.63 — 0.021)? + (1.2 + 0.02i — 0.61)? = Vs? + ti? 
haces. 0.6 0.625 | 0.69 0.8185 | 1.22 1.6115 | 1.73 1.785 | 1.8 
AY carry: 0.36 0.390 | 0.476 | 0.67 1.492 | 2.6 3.0 3.2 3.25 
32 + #2 0.3604 | 0.4188 | 0.5768} 0.885 | 1.852 | 2.791 | 3.08 3.217 | 3.2504 
it eeoe ie 0.6 0.646 | 0.758 | 0.94 1.36 1.67 W755) e792 al ks 
(h) e = 0.8, Fy = V(— 0.61 — 0.02%)? + O.8 + 0.023 — 0.6%)? = V/s? + 2? 
0.2 0.225 | 0.29 0.4185 | 0.82 1.2115 | 1.38 1-386 liao 
0.04 0.0508 | 0.084 | 0.176 | 0.673 | 1.475 | 1.77 1.92 1.96 
0.0404 | 0.0796 | 0.1848 | 0.391 | 1.033 | 1.666 | 1.85 1.937 | 1.9604 
0.2 0.282 | 0.43 0.625 | 1.152 | 1.29 1.36 1.39 1.4 
(?) t=1, PF. = - = variable, e = 1. 
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Fr = V(— 0.6% — 0.02%)? + (1 + 0.02) — 6)? = Vs? +2 


eel aceon 0.25 0.5 0.75 1.0 0.75 0.5 0.25 
Tht Savany 6010 3.87 1.73 0.883 0.0 —0.883 |—1.73 |—3.87 
0.02i1....| 0.0774 | 0.0346 | 0.01766} 0.0 —0.01766|—0.0346 |—0.0774 
8........|—0.6774 |—0.6346 |—0.6177 |—0.6 —0.5823 |—0.5654 |—0.5226 
eal ao nee 0.46 0.402 0.382 0.36 0.34 0.32 0.274 
—0.6i1...)—2.3822 |—1.04 —0,53 0.0 0.53 1.04 2.322 
t c —0.02 0.49 1.02 1.55 2.06 3.342 
0.0004 | 0.24 1.04 2.4 4.25 11.2 
0.4024 | 0.622 1.4 2.74 4.57 11.474 
0.634 0.788 1.181 1.65 2.14 3.38 


oo tition —1.102 0.18 0.69 1.22 1.75 2.26 3.542 

ti? 1.22 0.0325 | 0.476 1.49 3.07 5.11 12.6 

ee iie 1.68 0.4345 | 0.858 1,85 3.41 5.43 12.874 
f 1.295 0.659 0.925 1.36 1.846 2.33 3.59 


LDlatehosehedee —1.602 |—0.22 0.29 0.82 1.35 1.86 3.142 

t2? 2.26 0.0485 | 0.0841 | 0.673 1.82 3.45 9.9 

8? + te? 2.72 0.4505 | 0.4661 1.033 2.16 3.77 10.174 
f 1.65 0.671 0.682 1.015 1.47 1.94 3.182 


Curves showing the variations brought out by this problem are given in 
Tig. 206. 
2.4 
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Leading Power Factor Lagging 
Fie. 206. 
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CHAPTER XXXV 


CHARACTERISTICS OF ALTERNATORS WITH DEFINITE 
POLES 


In the preceding chapter it has been assumed that the magnetic 
reluctance is uniform in the direction of the main field magneto- 
motive force as well as in the transverse direction along the 
armature surface. This condition exists practically in machines 
with distributed field structures as in induction generators, 
and, to a very fair degree, turbo-generators. 

In engine-driven generators the condition of uniform magnetic 
reluctance rarely exists, since such machines are usually built 
with definite pole structures. In this type which includes the 
majority of machines, the magnetic reluctance in the direction 
of the field poles is almost constant for all m.m.fs., and therefore 
the flux is proportional to the m.m.f. In the direction along the 
surface of the armature the shift of flux is by no means pro- 
portional to the m.m.f. but is largely limited by the mechanical 
construction, that is, the width of the poles, and it is always less 
than proportional to the m.m.f. 

Similarly, the self-induction of an armature coil is greater 
when it is immediately under the poles than when it is midway 
between them. Thus, considering that the armature current is 
made up of two components, one, the power component which is 
maximum when the coil is under the pole, and the other, the 
wattless component, which is maximum when the coil is midway 
between the poles, it might be assumed that the reactance is 
greater for the power component than for the wattless component. 

The general equation for the induced e.m.f. of such a machine 
can therefore not be expressed as simply as: 


Hig ethilZreeé (t-te) 
=e+ir— twat j(ix + wr), 
but must be written: 


B; =et+ wr — 112 + q(x + tir), 
258 
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where x; belongs to the wattless component and is about 0.6z, 
and z is the reactance belonging to the power component of the 
current. 
In the synchronous impedance test, 21, is obviously determined 

_ since the current in that test lags nearly 90 degrees in time and 
hence in space. Similarly, the expression for the field excitation 
is not 

PF; = — mi — Cb+ j(Ca — mi), 
but is 

PF; = — mi — Cb + 9(Ca — m1), 


where m is always smaller than m, since m determines the shift 
due to the power component of the current. The relative 
values of m and m, are not by any means fixed but vary 
over a considerable range. It may, however, be assumed that 
m = 0.8m. , 

The value of m is determined from the winding data. For 
instance, in a three-phase machine it is, ~/2 X 1.5 X turns per 
pole and phase. 

The constants for a definite pole machine of the same general 
dimensions as the generator previously calculated would thus be 


Co=eli ony = 0:5, 7 =" 0.02) 7 = 0.10, 
a8 0.8 C001 = 0471 = 0:6 X 0:1 05 = 0.06: 
The angular space displacement of the armature with reference 


to the field structure between no-load and any particular load is 
of interest. Consider first a machine with round rotor. 


lane, POM 


Let e be the Terminal Voltage. At no-load the axes of the 
field poles are in the directions of the field flux, that is, in direction 
oF o, in Fig. 207. With any load, OJ, as shown in the figure, the 
direction and the magnitude of the field excitation, the former 


1 To calculate 2; from synchronous impedance test, assume 7 = 0. Then, 
substituting in (115), Fy; = —Cb + j(Ca — miii), wherea = —tim1, b = tir. 
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assumed the same as the direction of the field poles, is F;. Thus 
the angular space displacement of the field structure in reference 
to the armature is represented by the angle a, and tan a is seen, 
from the equation for F; on the preceding page, to be 
mit + Cb 

tan a. =" 
Ca — mt; 
With ‘definite pole’? machines this becomes, 


mi + Cb 


Cues 
Ca — m411 


tan a = 


where, of course, a and b are different from a and 6 in the “round 
rotor”’ case. 
As an illustration consider the same two generators, whose 
constants have been given. To find a with varying power factor. 
(1) For the round rotor type we have: 


Com lom= 0.53 e-=. 0.15 7 = 002se= 1% 
festa = 1 
a=etur—wxex =1+ 0.0272 — 0.12’ 
b= ta +r = 0.12 + 0.027’. 

0.12 + 0.022’ + 0.52 0.67 as 0.022’ _ 8 
0.00 0.100.000 & Ue 0.02: = 0-6 oe ee 
Tabulating: 


tan a = 


Leading current | Lagging current 

0.25 0.5 0.75 1.0 0.75 0.5 0.25 0.0 

0.25 0.5 0.75 1.0 0.75 0.5 0.25 0.0 

0.968 0.866 | 0.662 0.0 —0.662 |—0.866 |—0.968 |—1.0 

0.15 0.3 0.45 0.6 0.45 0.3 0.15 0.0 

0.01936} 0.0173) 0.01324} 0.0 —0.013 |—0.C17 |—0.019 |—0.02 

0.169 0.317 | 0.4638 0.6 0.487 | 0.283 | 0.1381 |—0.02 

02% . : 0.005 0.01 0.015 0.02 0.015 | 0.01 0.005 | 0.0 

ea GUS ames ete —0.6 —0.5808 |—0.519 |—0.3972 | 0.0 0.397 | 0.519 | 0.58 0.6 

teat ind bacon 0.4 0.425 0.491 0.618 1.02 1.412 1.529 | 1.585 36 
CON, Ge ose 0.05 0.397 0.645 | 0.75 0.588 | 0.31 0.185 | 0.0826)—0.0125 

GN Neahee aloes 2°52’ | 21°40’ | 32°50’ | 36°53’ | 30°27’) 17°15’| 10°30‘) 4°43’ | —45’ 


(2) For machines with definite poles. 


By (112), 
E; = 4 + gb 
where a = e + ir — 7/m1;b = t2 + 1'r, 
By (114), 
mit+Cb 
tana = 4 


Ca-—miii 
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In this case, 


C=1; m, = 0.5; m = 0.8m, = 0.432% = 0.1; 211 = 
0.6 « = 0.06 


r= 0.02Z;e=1;f =71-+ 77 = 1. 

a = 1 + 0.021 — 0.067’ 

b = 0.17 + 0.027’ 
es 0.17 + 0.022’ + 0.47 0.57 + 0.022’ s! 

a= : : = : a = a 

1+ 0.02: — 0.06:’ — 0.56: ~ 1+ 0.02: — 0.567 ~ # 
Leading current Lagging current 

fea Oe renee Roe 0.0 0.25 0.50 0.75 10 0.75 0.50 0.25 0.0 
SPAY OVS CIOIE 0.0 0.25 0.50 0.75 1.0 0.75 0.50 0.25 0.0 
OLS titers cists 0.0 0.125 0.25 0.375 0.5 0.375 0.25 0.125 0.0 
EAE Aiteey ee fal ot acaise 1.0 0.968 0.865 0.662 0.0 —0.662 |—0.865 |—0.968 |—1.0 
OL020/ Beers sac 0.02 0.019 0.017 0.013 0.0 —0.013 |—0.017 |—0.019 |—0.02 
i ke BONG OWED 0.02 0.144 0.267 0.388 0.5 0.362 0.233 0.106 |—0.02 
SOQ cimictc reser 0.0 0.005 0.01 0.015 0.02 0.015 0.01 0.005 0.0 
— 0.567’ —0.56 |—0.542 |—0.49 |—0.37 0.0 0.37 0.49 0.542 0.56 
UEP Seca fercisy > 0.44 0.463 0.527 0.644 1.02 1,39 1.50 1.55 1.56 
PEM patie cles 0.046 0.31 0.51 0.60 0.49 0.26 0.155 0.068 |—0.0127 
Ware esc sisie 2° 40’ DAZE 258" || elo 6/ PAR OY fe 14° 35’ 8° 49’ BBY — 45’ 


Angle of Field Displacement, @° 


0 0.25 0.5 0.75 1.0 0.75 0.5 0.25 0 


Leadin Lagging 
= Power Factor 


Fig. 208. 


Let it be required to solve the following problem: 


Problem 90.—An alternator has the rating: 
A,T.B. 8-100-900-2300 volts Y. 
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The saturation curve is given by the following data: 


A.T. e Aa Tis e 

400 250 3650 | 2300 
1000 700 5000 | 2700 
2000 1470 6000 2900 
3000 2060 | 


The normal gap density is 40,000 and the average gap length is 0.25 in. 
The armature reaction is 1490 A.T7’. per pole. 

The synchronous impedance test gives 1890 A.7. excitation with full-load 
current at 0.25-in. average gap, and 1990 A.7. with 0.1875-in. average gap. 

The armature resistance per phase is 0.69 ohm. 

The weight of the revolving element is 800 lb.; the radius of gyration is 
0.86 ft.1 

First. Draw the saturation curves with 0.25-in. gap (data given above) 
and also with 0.1875-in. gap. 

Second. Determine m, mi, x, x1 both for round rotor and definite pole 
machines. 

Third. Draw the curve of field excitation, F;, for varying non-inductive 
load J, (compounding curve), for the two round rotor and the two definite 
pole machines. 

Fourth. Calculate and plot the terminal voltage as the non-inductive load 
is increased and the field excitation kept at the normal no-load excitation. 

Use 0.25-in. gap and 0.1875-in. gap with the two types of machines. 

Solution.—First. From the saturation curve data, the total A.7. at 
2300 volts, for 0.25-in. gap = 3650. 

Thus, 3650 = gap A.T. + iron A.T. 

From Kq. (12), gap amp.-turns = 0.313 X flux density X gap length. 

. .for 0.25-in. gap, gap A.T. = 40,000 X 0.313 X 0.25 = 3130; for 0.1875-in. 
gap, gap A.7. = 40,000 X 0.313 X 0.1875 = 2347. The iron A.T. are the 
same for both gaps. 

To plot: (1) plot the given curve; (2) draw the straight line gap satura- 
tion (magnetization curve) for 0.25 in., through 0 and 3130 at 2300 volts; 
(3) draw the straight line saturation for 0.1875 in. through 0 and 2347 at 
2300 volts; (4) add to (3) the difference between (1) and (2). 

The curves are given in Fig. 209. 

Second. Todetermine m, mi, 2, 1. 

(a) Definite pole machine; airgap = 0.25 in. 

From p. 259, Chap. XX XV, 


arm. reaction _ 1490 1490 


mm =“arm, current ©2) 7 he > Oo 
since 
1b 0007 ese 
V3 X 2300 a 


1 Data for later calculation of hunting. See Chap. XX XVIII. 
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Assuming 
m = 0.8m, 
m= 0.8 X 59.5 = 47.6. 


To determine x; Under short-circuit test e = 0 and, in (112) therefore, 


B= La) 
where J is the effective current. 
And 
F, = jCIr — CI. 
(3) (2) 
0 
3000 = mH) aw 
2600 
Ae 
i ey we G 
Re) . 
x 
2200 y 
| 
1800 
3 
° 
> 
1400 
1000 
600 | | 
200 | 
0 1000 2000 3000 4000 5000 6000 
Ampere-Turns 
Fria. 209. 
Since the current lags nearly 90°, J = — ju, and, neglecting r in compari- 
son with 2, this last equation may be written.? 
I = Cilics — Cix, + 7C%1 21 = Fy; + Fa 
where Fa = — ™Mjli. 
3 P; = JCir2x1 + mir) 
and Fy = Cia: + miti 
whence 
F; —— 4mM1 
41 = Cte (116) 


: Fp — C%iy?r? — mii 
1 When r is not neglected, x, = Vs a —, 
1 
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Supplying values: 


(a) Definite pole machine, 0.25-in. gap 


F,; = 1890 
iim, = 25 X 59.5 = 1490, 
3650 
ee ee 7A, 
C= 550 eee 
J 1890 — 1490 | 
“+t = S974 KOs a 
and eee 
ip 0.6 = 9./ 


(b) Round rotor machine, 0.25-in. gap. 
m = 59.5, being the same as m, in definite pole machine. 
x = 9.7, being the same as z in definite pole machine. 
(c) Definite pole machine, 0.1875-in. gap. 
m, and m are the same as for the 0.25-in. gap, since the armature ampere- 


turns are independent of the gap. 


o. 1m, = 59.5, m = 47.6. 
1990 — 1490 


=a — = 9.2! 
5 2.16 X 25 220 
since 
2870 
F; = 1990, andC = 1330 7 2.16. 
ae ee 
AGI 0.6 = iia. 


(d) Round rotor machine, 0.1875-in. gap. 


m = 59.5 
T—s oA. 


Third. Compounding curves, —(F; vs. J). (a) Round rotor machine; 
gap = 0.25in. Non-inductive load. By (115), 


Fy = V(— bC — mi)? + (aC — mii)?, 


where 
3650 
C= on = 2.742;1 m = 59.5; 7 = variable; 
1, = 0; © = 9.7; r =0.69; e = 1330 
a=e+ir —%,e = 1330 + 0.697 
b=te + tyr = 9.7%. 
Whence, 
Fy = -JS(= 9.7% X 2.742 — 59.57)? + ((1330 + 0.697) 2.742)2 


V/13.3 X 108+ 13,800: + 735422 
85.75 V/i2 + 1.875% + 1802 = 85.75+/t. 


ll 


*C is constant only on the assumption of a straight line magnetization 
curve. 
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Tabulating: 


(b) Round rotor; gap = 0.1875 in. Non-inductive load. 
C = 750, = 2-16; 2 = 15.4; b = 15.40. 


Other quantities are as in (a). 
| Py = V(— 15.44 X 2.16 — 59.51)? + ((1330 + 0.692) 2.16)? 


= 92.7 V/i2 + 0.9957 + 960 = 92.7+/1. 


Tabulating: 
i 0 10 20 25 30 40 50 
OSC eo ee eae 0| 9.95 | 19.9 | 24.95 | 29.85 | 39.8 | 49.75 
eee ey 1, 900.) 10704 91380) 2 16104=1890-; 2600 3510 
ep a ee oaat 4) ort |. -40 si 4595.4 5150 59.2 
1 chard Vl ied 2870 | 3030 | 3440] 3720] 4030 | 4730 5490 


(c) Definite pole machine; gap = 0.25 in. Non-inductive load. 
Fy = V(— bE = mi)? + (aC = miii)?, 
where C = 2.742; m, = 59.5, m.= 47.6; 1 = variable; 7, = 0; e = 1330; 
co 9 iGo — 12 — 9/0330) = 6-1 — 217 — 1330) 01697, 
J. Py = VS (— 9.74 X 2.742 — 47.61)? + ((1330 + 0.692) 2.742)? 
= 73.8. >/i? + 2.531 + 2430 = 73.81. 


Tabulating: 
i 0) ai0 20 25 30 40 50 
SC Ge ee Wey Olena 3 aeb0°6 a 632250 75.99) 2101. 24) 196.5 
pe ee 2450 mebob e881 S118 4 3406 1.41311) 5057 
NM eas AGUS eee B05 WetD3.05| eed Se) 08.8 ta 64.0014 712.0 
eo ad epee 3650 | 3735 | 3960] 4120] 4310] 4750| 5250 


(d) Definite pole machine; gap = 0.1875 in. Non-inductive load. 
C = 2.16; « = 15.4; m = 47.6; b = 15.41. 
"Fy = ~V/(— 15.4 X 2.16 — 47.62)? + ((1330 + 0.692) 2.16)? 
= 80.8 >/7? + 1.317 + 1265 = 80.8 V2. 
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Tabulating: 
i 0 10 20 25 30 40 50 
183 Lacey ee meter coe Outs 21 26724 8322 750 soe on loz em oomo 
EE ete a 21205 Hao oa LOO 1923 | 2204 | 2917 | 3831 
NEU eee eee ee Se On) alco eel ey ey PO) GEE) IT Cole 
LES MORRIE Rone oh ees 2870 | 2995 | 3320 3540 | 3800 | 4860 | 5000 
6009 
5000 
ae 
4 
5 
a 
» 3000 
3 
Q 
| 
< 
424 
o 
f 2000 


1000 


0 10 20 
Armature Current 


Fie. 210. 


50 


Compounding curves for all four machines are given in Fig. 210. 


Fourth. (a) Round rotor machine; gap = 0.25 in. 


At no-load, the induced voltage to neutral is e9 = 1330. 
The field ampere-turns are F; = 3650. 


Eq. (115) may be written 


Fy = V/(— Cx +t) — mil? + [C(e + ir — ix) — mi? 


or, since 7; = 0 


Fy = V/(— Cix — mi? + [Ce + ir) 2. 
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Numerical values previously found are: 
C = 2.742; 2 = 9.7; m = 59.5; r = 0.69. 
rea (2748 9.70 = 59.57]? + [2.742(e + 0.692) |? 
= V7.54e? + 10.4e7 + 736472 = 3650. 
Squaring both sides and reducing, gives 
(Fy)? = e? + 1.38ei + 97772 = 1.763 X 108 


whence e = — 0.69% + 31.25+/1805 — 72. 
Tabulating: 
i 0 10 20 25 30 40 50 

SS OLCOL het u 0 |= 6.9 |—18.8 | =17.25|—20.7 |—27.6) —34.5 
Te Oe BRN a, ee 0 100 400 625 900 | 1600) 2500 
ASU 5ee et eee eres 1805 | 1705 | 1405] 1180 905 205| —695 
W/ 1805-— G8: .. 5s 42.5 | 41.25) 37.45} 34.35} 30.05] 14.3 

1a A/a eee 1330 | 1290 | 1170 1073 940 447 
CMe ee f 1330 | 1283 | 1156 | 1056 919 420 

56 Ae eee eee 2300 | 2220; 2000| 1830] 1590 726 


(6) Round rotor machine; gap = 0.1875 in. 
The field ampere-turns are Fy = 2870. 


Fy, = V/(— Ciz —mi}? + (Ce +inr)h, 


where 
C = 2.16; « = 15.4; m = 59.5; r = 0.69. 
Fp = V/[—2.16 X 15.47 — 59.57]? + [2.16(e + 0.691)]? 
= V/4.68e2 + 6.44ei + 860012 = 2870 
whence a 
e = — 0.69% + 42.8 +/960 — 22, 
Tabulating: 
i 0 LOM 220 25 30 40 50 
0 ee ere OQ 6..0) 1958) —17-25| = 20070) 2756 | 34.5 
sli 0{ 100) 400 625! 900] 1600! 2500 
GG (each: sa Pee: 960 | 860| 560 335 60 | —640 |—1540 
AOC OS eo ae et S17 20) 3 23. 65l- 18-36. 7.74 
ANG ae see.) 1330.1 1260) 1013 783| 331.5 
oe es Fh, es cs 1330 | 1253, 999 766, 311 
SV AGY Set ee “| 2300 | 2170| 1730), 1325) 538 
i Na et ctl a i ee | SR, 


(c) Definite pole machine; gap = 0.25 in. 
Fy = V{— Cix — mil? + [Ce + ir)? 


where 
C = 2.742; ¢ = 9.7; m = 47.6; 7 = 0.69. 
Py = \/[— 2.742 X 9.7% — 47.61]? + [2.742(e + 0.69%)? 
= /7.54e? + 10.4ei + 54647? = 3650 


268 


ELECTRICAL ENGINEERING 


whence 
e = —0.69% + 26.9+/2430 — 72. 
Tabulating: 
ee a 
i 0 10 20 25 30 40 50 
—0.697;........ 0 |—6.9 |—13.8 |—17.25 |—20.7 |—27.6 |—34.5 
r= ene era 0/; 100 400 625 900 | 1600 2500 
D480) ad? nha tie 2430 | 2330 | 2030 1805 | 1530 830 | —70 
4/2430 — 72.....|49.25 |48.25 45 ADS aeOo ML eeeSEs 
7A yer es 1330 | 1300 | 1212 1144 | 1053 775 
Pet ee ar eee 1330 | 1293 | 1198 TST ie 10324 ae eee 
ATO Gr Waa: 74 oe 2240 | 2072 


2300 


1950 1785 1293 


(d) Definite pole machine; gap = 0.1875 in. 


C = 2.16;% = 15.4; m = 47 


.6; 7 = 0.69 


Fy, = V[— 2.16 X 15.46. — 47.64]? + [2.16(e + 0.691)? 
= ~/4.68¢? + 6.44¢i1 + 653272 = 2870 
whence - 
e = — 0.691 + 37.3°/ 1265 — 22. 
2409 I= a 
| 
2000 S& 
2 
1600 Xe No 
o Co or Se 
5 IN3] N86. \@ 
3 oN NS 
> 1200 a 2 
E | NG \3 N 
E | w\S aie 
2! \'S 
& 800 ras 
[ Va \ 
hea \ 
| 3 \ é 
\* 
400 4 | t 
| \ 
| 
| 
0 10 20 30 40 50 


Load Current, Amperes 
Vance, Pala. 
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Tabulating: 
i 0 10 20 25 30 40 50 

0.00 an 0 |—6.9 |—13.8.|—17.25 |—20.7 |—27.6 |—34.5 
A Te A 0| 100 400 625 900 | 1600 | 2500 
1265—— 02,4... 1265 | 1165 865 640 365 | —335 |—1235 
W126 7  obnb | s4o1 | 29.4 Paay i) Shey} 
Tea NY ean 1330 | 1272 | 1097 944 712 
oe pare Sere 1330 | 1265 | 1083 927 691 
Syigetan 28, ees ae 2190 | 1875 1605 | 1196 | 


2300 


The curves of terminal voltage with varying non-inductive load are shown 
plotted in Fig. 211. 
Problem 91.—Determine all the above quantities and plot the curves for 
the conditions of load power factor of 80 per cent., both lagging and leading. 
Problem 92.—Carry out the above investigation for the same alternator 
when the phases are delta-connected. 


CHAPTER XXXVI 


APPROXIMATE DETERMINATION OF THE SELF-INDUC- | 
TION OR LOCAL MAGNETIC LEAKAGE REACTANCE 
OF AN ALTERNATOR 


Consider a single slot of an armature situated directly under- 
neath a pole. When current flows in the winding, lines of flux 
are set up, linking with the turns of wire. Thus, as in Fig. 212, 
some lines will pass across the space of width, a, occupied by the 
conductors; some will pass across the width, c, of the upper insu- 

lation; some across width, d, which is 
wy jy occupied by the wedge; and some will 
ae pass across the face of the tooth, f, 
and air gap, g, into the pole. Each 
of these fluxes is set up by a mag- 
netomotive force acting through a 
reluctance, the values of both of 
which may be determined in each 
case. The reluctance, and conse- 
quently the flux and the inductance 
are, in the following, first determined 
per centimeter length of effective iron 
parallel to the shaft. The inductance of the end connections or 
the parts of the coil which are outside of the iron is considered 
separately. 

1. Inductance, L;, Due to Flux through Section a.—The 


oo ~ 
oe Bole a 
DY ITI, 
Yyyy yy; 


=~ 


—---ar-=~ 
Sao 


magnetomotive force is fF, = ni a where n is the total number of 
turns in the slot and I i af “porti 
urns in the slot and J is the current; q 8 any portion of the 


depth of the coil. n q Bives the number of turns included in any 
distance x from the bottom of the coil. The flux set up by this 


x 
4rnI™ i 
m.m.f., Fy, is déy= Tee where p; = in reluctance of a 
1 
270 
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small path of length 6, in air, and of cross-section, dx sq. cm. 


(dx X 1). The reluctance of the iron is neglected. Then, 


b 


The interlinkages or turns linking with this flux are ne Hence, 


doi = ten I = 


the flux-turns interlinkage per unit current, or the inductance 
across the width, a, of the coil, is 


1 a n2 a? 2 
Ly = f 4dr Teeie = 247 ' , per cm. length of effective iron. 
0 


b 3 
2. Inductance Due to the Flux through Section c.—The mag- 
netomotive force is F2 = nl. pz = . 
The flux is 
obo = ArnT = Arn & 
p2 b 
All the n conductors link with this flux. 
: _ Anrnc 
jp = im 


3. Inductance Due to the Flux across the Section d.—This, by 
a similar process, is 
Arn?d 

ae 


3 


4. Inductance over the Face of the Tooth—The magneto- 


: 2 
motive force is Fy = nI. The reluctance, p4 = aH The flux 


i 
set up is 
_ AnnI _ Annif 
pa pa os 2g 
All the n conductors link with this flux. 
’ s Ann*f 
tip = 2g . 


5. Inductance of End-connections.—The inductance of the 
part of the winding that projects outside of the iron is almost 
impossible to estimate accurately. It depends largely on the 
mechanical design. If the end shields are some distance away 
from the winding, a fair approximation is obtained by assuming 
the flux per ampere-turn per centimeter of wire to be inversely 
proportional to the square root of the pole pitch, or what is 
equivalent, the square root of the armature diameter divided by 
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the number of poles. A fair approximation to the flux per ab- 
solute ampere-conductor, per centimeter of wire is 


fe i3 af (or 1.3 ve when amperes are used), 


where p is the number of poles, and D = armature diameter. 
If the length of the end-connections of a coil, counting both 


% : D 
sides of the core, is 8 X Pi then the flux per turn, per ampere- 


D D als 
" = — — = ——= 
s= 8? x 13/2 104 a 


Thus, with a single-coil winding, where all conductors of a 
coil are wound together, the flux per coil is 


go, = 104nI X 2 


where n is the number of effective conductors and J is the current 
per conductor in absolute amperes. 

The inductance, Z;, will be due to only one-half of this flux 
since each coil occupies two slots. 


on ; 2. 
fig = Fe = Gio 5 


The total inductance for a single slot exclusive of end-connec- 
tions is then, per centimeter net length of armature iron, 


Dom = Ls + Ta + a + La = dent [Se +5454 5) 


and the total inductance, including end-connections for length, 
l, of iron, is, in henrys, 


4rn?l ah D 
i= alg +f as aa # PI. 


" or a vA reset alternator, 
with one slot per pole per phase, 
there is also to be added a term 
due to the flux, ¢., in parallel 
with $4, which passes from the 
next adjacent half tooth, across 
the gap (Fig. 213). 

hia at The inductance due to this flux 

will vary greatly, according to the 

air gap, whose cross-section and length may be very different 
from the values used in determining L,. 


conductor, is 
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Problem 93.—Calculate the reactance per phase of the following alter- 
nator when the slots are under the poles. 


A.T.B. 8-100-900-2300 v. 


48 slots; 24-in. armature diameter; therefore, 2 slots per pole and phase; 28 
effective conductors per slot. Dimensions, referring to Fig. 214, are: 


a=1.0 g = average gap under adjacent teeth = 0.25 
= O.75 g' = average gap under distant teeth = 0.5 
d= 0.14 a 28 
e = 0.27 s =2 
i = O10 Dp = 8 
i, = OS i =9 
ano? D = 24 
Yy 
7 
ve, ; 
5, a 
ie 
wo ag 
WMO i ee 


ine, Dalek 


The wires are confined to the distance, a, of the slot. 

Each slot has n effective conductors and there are s slots per 
pole per phase. Let ¢; be the field which crosses the conductors 
due to the m.m.f. of the coil which is between the bottom of the 
slot and the distance a, 

Then the m.m_.f. is 


x 
a= si 1, 
a 


where IJ is the current in amperes in the conductor. 

The flux, in section dx per cm. depth of magnetic circuit 
parallel to the shaft, is therefore, 
ArF, — 4rsnal. 

piso 


doi = 
But the reluctance p: of the path is 


sb ; ; 
Pe neglecting the iron. 
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Thus, pas Arsnaldx — AnnIxdx 
Ph ash) Ge meOD 


This flux interlinks with : ns conductors. Therefore the 


inductance of this part of the magnetic circuit, which is the 
interlinkages of the turns and flux across the conductors per 
unit current, is 


4 
lh = | Ia2dzx = 4n?s = 


Consider next the inductance of the part of the magnetic 
circuit which is above the coil proper. 
The m.m.f. is that of all conductors, and is fF, = snl. 


The flux ¢2, per cm. length, is 
ArF, — 4rsnl. 


p2 pe 
In this particular case there are three magnetic paths in multi- 


3p 


sb 
ple, the first, of reluctance, —» the second, of reluctance, ay and 


Gl 
the third, of reluctance, 7 
Le Lal iy eee 
pa ab T sh ab abt oh 
d € f 
d d 
*. d2 = Arsnl ( ti <) 4rnl (i, 5) 
and 
il d 
Le = 7 4ent (GE + 5) on 


d- 
~ me 2M 
Arsn ( b + h 


Some flux crosses the two gaps from the teeth adjacent to the 
coils and causes an inductance which is similarly determined. 
Thus, the m.m.f. is 


103 = Sl. 
A4rsnl 
3 = ES ts Arsnl ue 
ps 29 
*, Ls = =4rsnI 
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Similarly, the flux which crosses the gaps from the more dis- 
tant teeth causes an inductance, 


ks 
In = 4irsn? — 2g" 


Thus, the total inductance per centimeter depth of magnetic 
circuit covered by the iron is 


aaa) 


Lo! = dnsn® [35 + ie 3g + sal 


If 1 is the net length in centimeters of the iron of the armature 


core, and p is the number of poles, then the inductance per phase 
of the part of the electric circuit which is in the slots is 


oa 


ks 
= 2 . 
Ly = Ansn*pl [ & + woes ie al 
(The dimension of inductance and capacity in absolute system 
of units is centimeters.) 
By extending the reasoning in the case of a single slot, the in- 


ductance of the end-connections per phase is found to be 


D Lad, 
De = 528777 p 2 ss star / Dp. 


With bar winding, when the coils are split up, as shown in 
Fig. 215, the inductance of the end-connections becomes L; = 


» and the inter- 


— oo! 
13s?n2 ~/Dp, since the m.m.f. per end coil is 


linkages are = The inductance of the ma- 


chine per phase is then 
L =L,+ L;in cm., or 


L= eae henrys. 
If inch measurements are used, “Ghee oaks. 
d : i ks 
Lo = 32sn7pl E + ee aay aa aah 


and 
L; = 83s?n? ~/ Dp for single coil winding, or 
= 20.882n2 »/Dp for split coils, and 


the inductance in henrys is 
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Applying these equations to the particular three-phase alter- 
nators given above, and noting that the coils are not split up, we 
get: 


1 0.24 0.27 
Ly = 82 X 2 x 28° x 8 x 0.9[ 


30.75 + 0.75 7 0.82 > 
(0.445 + 0.32 + 0.33 + 


0.82 X 2, 0.82 X ‘| = 21,600,000 em., 


(Oe 1 
3.27 + 1.64) 
and ea 
Ls = 83 X 4 X 28? X v/192 = 3,600,000 cm. 
L= se henrys = 0.0252 henrys. 
and 
gz = 2760 X 0.0252 = 9.5 ohms. 


This is, then, the reactance for the slot under the pole, that is, 
the reactance which should be used with the power component 
of the current. The reactance be- 
tween the poles is less and may be 
taken as 0.62 or 2; = 5.7 ohms. 

It is very convenient in designing a 
slot, to make it accommodate four 
coils. As this is a very common 
arrangement, the calculation of the 
inductance of a single tooth armature 

ee having four coils in the slot is also 

Fic. 216. made. The cross-section of the slot 

is shown with dimensions in Fig. 216. 

The procedure is practically the same as in the preceding case. 

The flux through a small section, dz, of the space occupied by 
the lower pair of coils is 


WY th 


do = ae = de, 


A ; os 
where the magnetomotive force is F, = — 
a 


I, N being the total 
number of turns. 


Thus, the flux-turns interlinkage per unit current or the induct- 
ance through the lower pair of coils, Ly, is 
Ne 


a4r — — 1 F 
i=4[" a* 4 7 ie ES xde = TN. 
if Ay b ba? . oh 
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The inductance across the insulation, h, between the layers is 


The inductance across the upper coils is 


N? 
at 
ee eg aie to (M4! ©) san 


ed SF ea as 82) ES 
b 3 a 0 r. 3b 3b ies 3b 
The inductance across the insulation, c, beneath the wedge, is 
1 
_ T 4nrN?Ic r 4nN? 
ne b oe 6 


The inductance across the wedge is Ls = 4rN? : 
The inductance across the face of the tooth is 
f 
—= 2 See 
Lg Ar N 2g 


The inductance of end-connections is, as in the previous case, 
Ds 
=p 2Ne 


The total inductance per Tae per centimeter effective length 
of core is 


D 
eres Dh ow: 4 a tai eas +4 +a val 
, | 8a + 8h + 126 Z a 

a = = = +23 x 


Problem 94.—A certain three-phase, ala alternator has one slot per 
pole per phase. The dimensions in inches of slot, etc., are as in Fig. 216, 
where a = 0.45, b = 0.75, ¢ = 0.14, d = 0.37, e = 0.85, f = 0.82, g = 0.15, 

= 0.1. There are twenty-four slots, thirty-two effective conductors, the 
effective length of the armature core is 9 in., the armature diameter is 32 
in. Show that the armature reactance is approximately 4 ohms. 


CHAPTER XXXVII 
ARMATURE REACTION IN MULTIPHASE MACHINES 


With current in the armature of an alternator, two magneto- 
motive forces exist, one, that of the field winding, and the other, 
that of the armature winding. 

Sometimes these add directly 
but more often they are more or 
less in opposition. 

If the resultant field flux is in 
the direction of the field poles, 

Fic. 217. Fig. 217, and the armature winding 

is assumed concentrated in a coil 

in position a—b, then the induced e.m.f. due to the rotation of the 
coil in the field is 


e; E, sin 6 


and the current is 

t= I, sin (6+ a), 
where a is the angle of lead of the current in respect to the e.m.f., 
that is, tana = = where x and r are the total reactance and re- 


sistance of the external and armature circuits, and Ey and I y the 
maximum values of the e.m.f. and current respectively. 
If the armature coil has 7 turns, the m.m.f. of the armature is 
obviously, 
iT = 1,T sin (@ + a), 


In the position shown the m.m.f. of the armature does not act 
in line with the m.m.f. of the field winding, but its component in 
the direction of the field is a’—b’ or the total m.m.f. multiplied 
by cos @. 

The component b- 6’ of the armature m.m.f. at right angles 
to the field is, of course, the total m.m.f. multiplied by sin @ 
But this component does not increase or decrease the field, but 
only distorts it. 
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Let M be the component of the armature m.m.f. in the direc- 
tion of the field m.m.f. Then 


M = I,,T sin (6 + a) cos 0 
= I,,T (sin 6 cos a + cos 6 sin a) cos 6 
= [,,T(14 sin 26 cos a + cos? 6 sin a). 


But 
ei i 1+ cos 20 
2 
p j fad ar ; 5 
Oi) Ba 9 [sin 26 cos a + sin a cos 20+ sin al 
dh ; : 
= 7 [sin (206 + a) + sin al. 


It is seen that the average value of the armature reaction in the 
Ok dot em ee 
direction of the poles has a constant value which is —9 Sin a, 


and superimposed upon this is a pulsating reaction, a m.m.f. 
which pulsates at double frequency. The effect of the latter is 
zero when considering the average effect over a cycle. 


2M = ee sin a, 
But J,, sin a is the maximum value of the wattless component 
of the current (Fig. 218). de 
Thus the armature m.m.f. (or armature reac- 
tion, as it is called), in the direction of the poles e% 
corresponds to the wattless component of the Fig. 218. 


current. 
Thus, if the current is in time-phase with the induced e.m.f. 


(in which case there is no wattless component), the armature 
current neither magnetizes nor demagnetizes the field, but only 
distorts the distribution of the flux. 

If the armature current leads the induced e.m.f., then it is seen 
that the armature reaction is positive. It helps the field m.m.f. 

If the current lags, then @ is negative and the armature reac- 
tion opposes the field m.m.f. 

In a three-phase machine the e.m.fs. of the different phases 


may be expressed as 
é, = #,, sin 0 
é. = E,, sin (6 + 120) 
e? = E,, sin (0 + 240). 
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Prove that the average armature reaction in the direction of 
the poles is 1.5/,,7' sin a, and is not pulsating but steady. 


Norr.—In specifications of alternators one item is usually called armature 


: ; eel mil ier. é : 2 
reaction and the value given is —9) ina single-phase machine, J,,7 in a 


two-phase machine, and 1.5/mT7' in a three-phase machine. 
In this case, however, Im is the maximum value of the rated current, and 
T is the effective number of turns per armature pole per phase. 


Example.—Find the so-called armature reaction in an 8-pole, 
100-kw., 2300-volt, three-phase generator which has 224 armature 
turns per phase and which is Y-connected. 

Answer,—The voltage per phase is 

2300 
1/3" 

The full-load effective current is 
NE tet 25.1 amp. 
V3 X 2300 

. Im = 25.1+/2 = 35.5 amp. 

The winding is practically concentrated so that all turns are 

effective, thus 


= 1330. 


p24 _ og 
.M, = 1.5 X 35.5 X 28 = 1490 A.T., 


and this is the numerical value given to “armature reaction.” 


If the armature actually carried full-load current and the cur- 
rent was lagging 90 time degrees behind the e.m.f., and hence was 
90 space degrees displaced from the main field flux then the de- 
magnetizing ampere-turns would be 1490. 

If the current was leading then the armature current would 
assist the field to the extent of 1490 A.T. 

With a phase angle, say 30°, the actual magnetizing or demag- 
netizing ampere-turns would obviously be only 745. 

In an n-phase machine the armature reaction is not pulsating 
but has a constant value, 

Me 7 eh 
2 
Consider any particular phase indexed m. 
Its voltage is 


sin a. 


? 


C= Heesiin (0 ao rit) 
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its current is 
7 = 1, 510 (oem 4 a); 


its m.m.f. is 


M =iT = I,,T sin (04 2" + a cos (9 + 72") 


= ae [ sin (20 +a+ axtt) + sin a: 


The total m.m.f. at any instant is, thus 


m=n Thad : ; 
M= = “22 [sin (20+ a+ =m) + sin @ |: 
m=1 n 
But, 
Ae rs 
sin (20 + a+ -) = sin (26+ a) cos am 
+ cos (26 + a) sin am. 
Rages 4arm 
The sum of all terms containing cos ae must rN 
be zero, because the sum of the cosines of all eB 
sides in a closed polygon is zero. Similarly the N 
sin 47m 


terms containing —— —— are zero. Thus it fol- 


lows that, Preuss 


tek es icons 
M, = M(since it is constant for all values of @) = n int sin a. 


Effect of Distributed Winding on the 
Armature Reaction.—Consider a single- 
phase armature wound with a number of 
coils as is shown in Fig. 220, b, all of whose 
coils are connected in series. 

The .effective value of the e.m.f. gener- 
ated in coil A may be represented by OA. 
The e.m.f. in coil B is then represented by 
AB, and so forth. 

It is seen that in this case the resultant 
e.m.f. is less than the algebraic sum of the 
individual e.m.fs. of the coils. It is the 
vector sum of the e.m.fs and is 2/7 times 
the algebraic sum. 

If the total winding has N turns, the 
equivalent number of turns of a concen- 
trated winding would be T = 2/x N. 
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If instead of being distributed all around the periphery the 
winding covered an arc of, say, 60°, as is shown in Fig. 221, the 
effectiveness would again, by a similar diagram, be found to be 
the ratio of the chord to the arc. Thus, the chord is evidently 
2 sin 30° and the arc 2 


( 


ig camp ae ie 
2a 7 
1% 
and 
Tia ().0) Sy eyVA Fig. 221. 


In general, if the winding covers a electrical degrees, 


2 sin A 
k= ‘s 
360 2a 
Example.—A completely distributed single-phase winding has 
a = 180°. 
idee 
T 


Three-phase winding uniformly distributed. In this case, the 
winding covers 60°. Thus, k = 0.955. 


CHAPTER XXX VIII 
HUNTING 


The periodic oscillation of synchronous machinery is a familiar 
and oftentimes troublesome phenomenon. It manifests itself 
principally by the swinging of the needles of meters connected in 
the circuits. When the effect is cumulative, it continues to in- 
crease until rupture occurs somewhere in the system. Often it 
is not cumulative, and resembles simply the movement of any 
vibrating body such as a pendulum. 

The difficulty of visualizing hunting of a revolving machine 
comes from the fact that the vibration is superposed on the steady 
rotation of the moving part. It can be well imagined as similar 
to the motion in space of a pendulum swinging east and west while 
at the same time the earth, on which the pendulum is fixed, is in 
rotation. 

Hunting of electrical machines is possible because the position 
of the armature core in the field structure at any moment is deter- 
mined by the balance of mechanical and electromagnetic forces. 
Assuming the mechanical force to be steady, as represented by the 
shaft or belt in connection with the prime mover or load, the 
electromagnetic force is variable owing to the highly elastic 
property of the magnetic field. Under absolutely steady condi- 
tions there would, of course, be no hunting. But such conditions 
do not exist, and any variation of the electromagnetic forces 
results in a change of speed as the machine re-establishes the 
momentarily lost equilibrium. Hunting, or oscillating, is thus 
started and continues as equilibrium is gradually restored in the 
elastic medium of the field. 

The mechanical force is not always steady. Steam engines, 
and especially gas engines, are subject to pulsation of driving 
torque. This may appear in the generator in the form of forced 
electrical vibrations, especially where the machines are directly 
connected. When the generator is free to oscillate in response to 
any impulse, it does so at a definite rate called its natural period 


in distinction to a forced period. 
283 
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The natural period of a pendulum depends on its length and 
mass, the length being the radius of gyration. Similarly the 
natural period of an armature or revolving field structure depends 
on its mass and radius of gyration. 

To find the natural period of a machine, consider the motion of 
a stretched spring as illustrated in Fig. 222. The 
spring suspends a weight, and its motion is damped by 
a piston working in a dash pot. 

Let F = pulling down force in the spring, y = dis- 
placement of the weight. Then, f; = ay = tension on 
spring, where a = number of pounds, per unit length, 
of the downward pull. 

If the friction force due to the dash pot is assumed 
proportional to the velocity, the force necessary to 


oe ay een ; 
overcome friction = fr= k are (The power required 


‘varies as the square of the velocity.) 

The force required to overcome inertia = Ma, where 
d*y, 
dt? 


li ad 
F=fthth= ee ad 


a 
M = mass and a = acceleration, me , OF; fi=M 


is the total force required to balance those acting in the system. 
If the applied force is removed, or if F = 
0, the equation becomes, 


dy pry 
ay oa k dt ! M dt2 = (6). 


Applying this equation to an alternator, 
the condition is as illustrated in Fig. 223. 
The moment equation is 


a? dé : 
lips = Le + Ba ao ad, Fia. Bae 


where /’p = the applied moment, / being the force and p the lever 
arm. 

I = moment of inertia, 

§ = initial angular displacement, 

8 = moment of retarding force per unit angular velocity, 

a = twisting moment per unit angular displacement. 


, = angular velocity, 
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dé 
B Fea moment of angular velocity. 


p = radius at which the force is applied. 
Ia = moment of angular acceleration. 
This is, by ordinary mechanics, 


Mad?’s d ds d dé a6 d?6 
ee ge ue ah ee fie ae 
When the force is released, = = AM) Seu 
7 v8 


Lip oF ALN at 
The solution of this differential equation is 
6 = Ae”? + Bet, 
in which A, B, m, and mz are to be determined from known 
conditions. 


Let 
a6 : 
dp = and i =m. 
Then, 
mI + Bm + a = 0, 
and 
B 
2 =— 
WO? =P 7™ ie 
whence, 
wt ey UEP ote 
a ees [acaN 11 Rae ee Te 
Be Olid eee ear ate 
HS ESET AN GY CG Mer ROT EON TER 
2 
If 5 af = is positive, then 6 is real, and the equation shows that 
6 gradually decreases to zero without oscillation. If, however, 
2 
5 —F is negative then the square root is imaginary and 0 


reaches zero after a certain number of oscillations. 
2 


Thus, hunting can take place only when ie c= ; is negative. 


Let then 


Then 
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and 
Wiig te 
sae! ake Lae 
or putting 
we: 
Ley 
m=—-ryt+ i. 


119 A gee) ae 

Sy eS Ae“ ms i Be“e —jét 
ote =Aewe ae Be aoe 
= Avent sin (6¢ + Bi). 


When ¢ = 7, the time of one period, 


MI = Be 
Qr 
sera 


Assume the case of suddenly heawne off full-load from the 
alternator. Then @ = 4. 
At t = 0, the hunting has not yet begun. 


The period, 


TN fol 6s 


where @ is the friction torque, and has little influence on the period 
of hunting, but rather affects the amplitude. 

We may assume 6 = 0. 
Then 


where 7’ is in seconds. 


1 
T or 


The beats, or oscillations per second, are 


Teor aN Te 

= NE 

Beats per minute = — . 
Tv 


The angular space position of the alternator armature with 
reference to the field pole may be determined for any load (Fig. 
224). Let this angle be assumed to be 20° for a two-pole machine 
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at full-load, or 10° for a four-pole machine. If 6 = mechanical 
angle, and ¢ = electrical angle, 


26 
(= ay where p = 


number of poles. 


Torque, 
ip SDS re es 
r.p.m. 
If a a torque per unit a ey 
angular displacement, 
(ts v 
mae 
AYER) 


where 4) = angle in degrees for the load being considered. 
Therefore, 


_ 24.25 X kw. X f X 10° 
a N2¢ 
where f = frequency, N = revolutions per minute and ¢ is in 
degrees. 
Finally, the solution is, 
47,000 fkw. X f 
N I¢° 


The number of beats per minute may be changed by changing 
I or ¢°, the former by the addition of a fly-wheel, the latter by 
altering the gap. Bridges, or dampers, between the poles may 
also be used to produce eddy currents for the purpose of damping 
the oscillations. 


Beats per minute, S,, = 


Problem 95.—Determine the periods of the 100-kw. alternator of the 
previous problems, both as definite pole and as a round rotor machine, and 
with long and short gaps. 

Solution.—The equation is 
47,000 . |kw. xf 

N Tage 


Sm = 


in which the constants previously given are. 
N =r.p.m. = 900; kw. = 100; f = 60; 
Wr? 800% x 0.862 


I = moment of inertia, = ha 39.16 = 18.4. 


p = 0.86 ft. = radius of gyration. 
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Supplying numerical values, 


_ 47,000 . | 100 60 0 X 60 = 942 Nee 


Pitas O00. ESM. 


To find ¢°, in Fig. 224, 6 = B — 90° +a. 
Assuming non-inductive load, 
E; =e+Ir+ gle =a-+ 9b. 
Fy = —be —mI +jaC =d + ff. 
; b 


bi 
tan 6 — tana aah tt af — bd 
CLES HEM ai AF tan Stamina of ~ ad + bf’ 
where 
a=e+T7r = 1330 + 25 X 0.69 = 1347.25, 
b= Ta = 252; 
d = — 00 — mI = — 252C — 25m, 
f = aC = 1347.25C. 


Tabulating, for the four cases: 


Definite pole Round rotor 
Gap, in. 0.25 0.1875 0.25 0.1875 
4g 8.15 14.1 8.15 14.1 
Cc PY RS 2.18 Zito 2.18 
m 47.5 47.5 59.4 59.4 
f 3,700 2,940 3,700 2,940 
b 204 353 204 353 
d —1,750 — 1,960) — 2,040 — 2,250 
af 4,980,000 3,960,000) 4,980,000 3,960,000 
bd —357,000 | — 692,000 — 416,000 —795,000 
ad — 2,360,000 | —2,640,000| —2,745,000 | —3,030,000 
bf 755,000 1,040,000 755,000 1,040,000 
af — bd 5,337,000 4,652,000 5,391,000 4,755,000 
ad + bf —1,605,000 | —1,600,000 —1,990,000 | —1,990,000 
tan B —3.32 —2.92 —2.71 —2.39 
B 106.75 109° 110.25 Wai 
tan @ 1514 0.262 0.1514 0.262 
a 8.6° 14.67° 8.6° 14.67° 
B—90°+a 25.35° 33.67- 28 .85° Sith oh” 
1/¢° 0.0394 0.0297 0.0346 0.0268 
V1/¢° 0.190 0.172 0.186 0.1635 
Sm 187 162 175 154 


CHAPTER XXXIX 


STUDY OF THE DESIGN CONSTANTS OF ALTERNATORS 


Alternators differ primarily in respect to the number of phases, 
and whether the armature or the field structure is the revolving 
part. Secondarily, they differ in respect to the frequency, 
voltage, output rating and speed. 

In practice, the very great majority of alternators are of the 

three-phase, revolving-field type. In frequency, they are gen- 
erally of either the 25-cycle or 60-cycle type in America; 25- and 
50-cycle in Europe. Voltage may be any desired value up to 
about 13,000. In output rating alternators are built up to 
30,000 kva. ; 
_ The speed is limited by the prime mover and the frequency. 
Maximum speed, for 60-cycle machines is 3600 r.p.m., corre- 
sponding to the requirement of a bipolar field; for 25-cycles, the 
maximum speed is 1500 r.p.m. The chief types of prime mover 
used with alternators are the reciprocating engine, representing 
moderate speeds, the water turbine representing low speeds, and 
the steam turbine representing high speeds. Certain roughly 
approximate constants have been obtained from experience 
which may serve as guides in preliminary design. These are 
given in Table IX. 


TaBLeE 1X.—ApproxIMATH CONSTANTS OBTAINED FROM EXPERIENCE 


Prime mover Recip. engine Water turbine Steam turbine 
LD RACINE 5 Gos ao Oa a, cue 25 60 25 60 25 60 
Arm. dia. per pole...... 5 3 13 5 20 TNO. 
Arm. reac. per pole..... 3,200 | 1,800 | 8,500 | 3,200 | 13,000 | 4,800 
No load A.T.-per pole | 95) 25] 2.5| 2.5] 2.5] 2.5 
Arm. reac. 
Regulation (approx.), per, 
CONUS ee eee eae att are 6 6 6 6 6 6 
Sh. cir. cur. at 0 load exc. 25 25 25 25 25 25 
Full-load current 


19 289 
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Using them as a basis, the design constants will be calculated 
for the following alternator: 


A.T.B-8-100-900—2300 volt. 


General Constants.—From the rating it is seen that the machine 
is a three-phase, revolving-field, 8-pole, 100-kilovolt-amp., 900- 
r.p.m., 2300-volt alternator, evidently to be driven by a recipro- 
cating engine. 

It is first necessary to decide whether the phase windings shall 
be connected Y or A. Y-connection is, in general, suitable for 
higher voltages and lower currents. Therefore Y-connection 
will be assumed in this case. The phase winding voltage is then 


The phase current = line current 


_ Kva _ 100,000 _ 
TO Bebe = 
r.p.m. ., poles 900 


Frequency = 60 Sear y ae 7, xX 4 = 60 cycles. 


I, = 25 amp. 


Slot Dimensions.—The development of the design now depends 
on the determination of size and number of slots and the conduc- 
tors in the slot. 

It has been found that for an n-phase machine, armature reac- 
tion per pole =5 I,t, where t = effective turns per pole and phase, 
and J, is the maximum value of the current in the windings. 

For three-phase, therefore, by Table IX, 


1800 amp.-turns = 1.5+/2 X 25t. 
2b = 34, 


This number serves as a good preliminary value. Actually, 28 
turns per pole per phase were chosen. Conductors per pole and 
phase are then 2 X 28 = 56. The number of slots per pole per 
phase depends primarily on the armature circumference and the 
slot pitch. With many slots, a smoother e.m.f. wave is generally 
obtained. The number of slots is also usually greater in low 
voltage machines, where the requirements of higher insulation are 


not so severe. Practically, at least two slots per pole per phase 
are used. 
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From Table IX, the armature diameter per pole is found to be 
3 in. Hence the diameter is 3 x 8 = 24 in. and the circum- 
ference is 7 X 24 = 75.5 in. 

The slot pitch may be determined for different numbers of slots 
per pole per phase, as follows: 


Slots per pole per phase........... 2 

Slotsipern pollens rrimnics 646 sneer 3 6 12 18 

SOUSS ac a.3°S'g alg ce as OR Ie re 24 48 96 144 
0.785 


About half of the slot pitch will be required for the tooth. 
Considering, therefore, the insulation requirement given in Table 
X, it is fairly apparent that a small number of slots per pole per 


phase should be chosen. It will be assumed that 
there are 2 slots per pole per phase. Each slot 
will then contain, 


x = 28 conductors. 


A very good arrangement of conductors in a slot 
is that shown in Fig. 225, which permits of easy 
insertion of the coils. 


Que 
RAIA 


ONG 


irGse225; 


TABLE X 
Voltage (phase) Insulation, a 
110 20 mils 
440 25 
1,000 35 
2,300 50 
6,600 90 
16,000 130 


The size of the conductor must next be determined. Asa guide 
for this, it may be taken as permissible to use current densities 
up to 2500 amp. per sq. in. in low-voltage machines, and up to 
1200 amp. per sq. in. in high-voltage machines. Assuming a 
density of 2000 as reasonable the required area of conductor to 
carry 25 amp. is 

25 


2000 <1 =_020125 sqe in: 


Itisseldom good practice to use wire heavier than No. 10 B. &S. 
As 0.0125 sq. in. corresponds nearly to No. 8, it will be preferable 
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to divide this area among several wires in parallel. ,The con- 
ductor used consists of four No. 14 wires in parallel, having a 
combined cross-section of 4 X 0.00323 = 0.01292 sq. in., and 
giving a resultant current density of 1925 amp. per sq. in. 

The arrangement of wires in the slot is similar to that of Fig. 
225. There are four groups of 28 wires each, the wires being 
placed four abreast and seven deep. Each layer of four wires is 
insulated from those above and below it. 


Width of copper in the slot is 8 X 0.064 in. = 0.512 in. 

Width of insulation = 0.238 in. 

Width of slot = 0.512 + 0.238 = 0.75 in. 

Depth of copper in slot = 14 X 0.064 = 0.896 

Depth of insulation = 0.59 

Depth of wedge = 0.2 

Depth of slot 1.686 = 11)4¢ in. 

Width of tooth at face = slot pitch—slot width = 1.57 — 0.75 


I 


= 0.82 in. 
J circumference at base 
Width of tooth at base = — 0.75 
no. teeth 
es eee fb! 2) Pap eee TOSS 


Flux Determination.—The general equation for effective e.m.f. 
per phase is 


4 AA datfk 
bee Sei ee 
where 
effective e.m.f. T 
pti Vea average e.m.f. 2/2 stash 


¢éa = total flux per pole entering the armature at no-load, 

total armature turns in series per phase, = 8 X 28 = 224, 

frequency = 60, 

= constant depending on the distribution of conductors on 
the armature periphery. 


i rs 
ll 


If the conductors were concentrated in a single slot per pole 
per phase, k would be 1. With a three-phase machine, these con- 
ductors would never be spread out over the entire 180 electrical 
space degrees of the pole pitch as in single-phase or direct-cur- 
rent machines, but would be restricted to one-third of this 
amount, or to 60°, on account of the space required for the other 
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phases. Where there are two slots per pole per phase the e.m.fs. 
generated in the two slots add vectorially, as illustrated in BS 


226, where die By + Hy. kis then evidently equal to ; 


Ey + 2b; : By 
Tor n slots per pole per phase, 
1 N 
sn 5, 
Thus, for , Ms ok 
aD = a 0.066 ae 
Ee Nar Rote ey Aen ty Fie. 226. 


Supplying these values in the e.m.f. equation and solving for 
flux, 

£2300 53 , | 
enea > we 1 08 5c G0 C221 AAA 

= 2.3 megalines. 

The flux leakage factor for this machine is 1.125. 

.. flux in the field at no-load is, 


gs = 2.3 X 1.125 = 2.59 megalines. 


Air Gap.—An approximate average value for the gap length 
may be obtained by reference to Table IX. In the table is found, 


no-load A.T. per pole 
arm. reaction 


Armature reaction = 1.5 X xe) XK 25 < 28 = 1490. 
Substituting this value of armature reaction, 


no-load A.T. per pole = 2.5 X 1490 = 3725. 


These ampere-turns are mostly required for the Bap: Assum- 
ing 80 per cent. for this, 


gap A.T. = 0.8 X 3725 = 2980. 


Assuming, now, a gap flux density at no-load of 40,000 lines 
per sq. in., and substituting in the equation, 


A.T. (gap) = 0.313 B, X L,, 
where J, is the length of one gap, 


2980 = 0.313 X 40,000 X L,, 


2980 ; 
ah sige 40 000 ee 


= 2.5. 
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With this value for a guide, definite values may be chosen. 
With alternators, it is usual to shape the pole pieces so that the 
generated e.m.f. may more nearly approach the sine form. The 
gaps chosen for this machine are: 


gap length in center of pole = (1875 in. 
gap length at edge (maximum) = 0.386 in. 
average gap length, J,, = 0.2535 in. 
Gap area, 
6 
As Be ae. 57.5 sq. in. 


~ flux density 40,000 


Armature Length.—The main factor bearing on armature 
length is flux density in the teeth. This in turn depends upon 
gap area, pole pitch and pole are. 

The pole pitch at the armature surface is 
wD «TX 24 


Jee eee imp 9.43 in. 


The pole are is usually about 0.6 X pole pitch. 
In this machine, the ratio 
pole are 
pole pitch 


= 0.53. 


Assuming pole-face area = air-gap area, length of pole piece 
parallel to shaft is . 
A, _ 87.5 
0.53 X 9.435 5 
The armature gross length may be slightly greater than this to 
assist in the free balancing in the field. The gross length is there- 
fore taken as 12 in. This length would justify the use of four 
ly-in. ventilating ducts, one for every 3 in. The length of lami- 
nations is therefore 12 in. — 2 in. = 10 in. Assuming 10 per 
cent. loss of length due to insulation between laminations, the 
net armature length is 
lg= 10 X 0.9 = 9 in: 


= 11.5 in. 


The ratio, 
effective length 9 
total lengthier]? arose: 
Teeth Flux Density.—Allowing 10 per cent. extra for “fring- 
ing’’ of the flux entering the armature from the pole face, the 
average number of teeth under the pole is 


_pole arc _ Baie A 
tooth pitch X 110 = 157 * Lives 
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This number varies from moment to moment according as a 
slot or a tooth is in the center line of the pole. Teeth area at 
armature face is then, 


A; = 3.5 X tooth width xX effective length of armature. 


In order that this area shall carry a flux density of about 90,000 
lines per sq. in. in the tooth,! it may be calculated on that basis. 
Thus, the flux entering the armature at no-load is 2.3 X 108 lines. 


cae: 


cs A; = 90,000 = AHR §q. in. 


From this value of area, the length obtained is, 


25.6 


35 x 0.821 7 29m 


Thus, the length of 9 in. previously obtained is quite satisfac- 
tory, giving, as it does, a slightly less teeth density at no-load, 
but, as will be seen, approximately 90,000 at full non-inductive 
load. 

Armature Resistance.—All data has now been obtained that is 
necessary to calculate the resistance of the armature winding. 
The length of the mean turn may be taken as twice the gross 
length of the armature core plus nine times the diameter per 
pole; or the length of the mean turn 


= 2L + 9 D/pole 


=2xX12+9 x3 = 51 in. 


51 
Shee 4.25 ft. 


Total length = turns per phase X mean turn. 


= 8 X 28 X 4.25 = 954 ft. 


ie) 


: , 9 
Resistance of four No. 14 wires in parallel = cas 0.725 ohms 


per 1000 ft. 
.. Ra per phase = aes X 0.725 = 0.69 ohm at 60°C. 


1 For 25-cycle alternators 110,000 lines per sq. in. is suitable. 
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Voltage drop per phase = IR, = 25 X 0.69 = 17.25 volts. 
The full-load e.m.f. per phase = H + IR, approximately. 


= 1330 + 17.25 = 1347 volts 


Magnetic Circuit Dimensions.—Sufficient data is now at hand 
to enable the making of a sketch which shall show approximately 
how the available space may be utilized. 

Fig. 227 represents such a section of the magnetic circuit. The 
next step is to construct a table for the condition of no-load and 
normal voltage, from which is obtained the total required number 
of field ampere-turns. Some of the data in this table have already 
been obtained, especially the required fluxes in the different parts. 


*e 
> 
0 


-W«————-—- 


eA?) 
i 


Era. 227. 


The yoke is left out of consideration, its magnetic length being 
very small in revolving field machines of few poles. 

The armature and pole sectional areas are arbitrarily chosen to 
give appropriate densities. The length of the pole depends upon 
the space required by the field winding. The field values ob- 
tained for this machine are given in Table XI. 

Material of the armature core is standard sheet iron of 0.014 in. 
thickness. The field core is built up of thick steel punchings. 
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TaBLe XI 
Magnetic data. No-load, normal voltage 
Part Flux (mgl.) | Area B A.T. per in, Length | A.T. 
Meet hivnee. rns > 2.3 (face)| 26.0 | 89,000/ 15.6)... 
(base)|32.8:1:70,000,)) zoo [ite pt-C8"oy 18 
Gap. eel 2a8 SVCD [AUOMON IG oc cca a0 ore 0.2535] 3,150 
Arm yon fle als 28.2 | 41,000} 2.8 6.0 17 
Pole. .|2.59 27.5 | 94,200 | 74.2 6.25 464 
Total amp.-turns. PN ra ntsc eco amare ell ME eT ene Rl eae 3,650 
Full-load, normal voltage 

Mea ches eee ate “5 2284 (ace)|.. ae: 90,500 | 17.4 \ Fas on 

(base)|, 02 715200; | ga0 54 oie wiles ae 
(Cray erscretye ete raicee: D4) ee wen |e 4) OO mln ee 5 Giewees. || armen, 3,203 
Arm er Ley: ae mn | AU(OO Weer2c GOu) mmnllearnanen. iy 
Pole 2 Og mee empire 96,000 | TM Gis PRS Oe ees 484 
Mo talsannor- LUSH erasekeee |ereaeela st sien lst ceeeeaaic me ne EMER 3,125 


To the total required ampere-turns to 
excite the field at full-load must be 
added those necessary to compensate for 
the armature reaction. The number 
3725 is the resultant, F,, Fig. 228. The 
total ampere-turns on the field core, F,, 
must be equal to the vector difference of 
F,and F,, where F, is the armature am- 
pere-turns multiplied by the field leakage 
factor. For full non-inductive load, ap- 
proximately 


HiGae228s 


F, = NF2+ 1.125F,?. 


Supplying values already obtained, 


F, = 7252 + 1.125 x 1490? = 4090 A.T. 


For any other power factor, say 80 per cent., the required field 
ampere-turns are approximated as illustrated by dotted lines in 


Fig. 228. “Thus, 


PF’, 


NF, + 1.1257, sin 6° + 1.125F, cos 6° 


I 


4920 A.T. 


ll 


3725 + 1677 X 0.62 + 1677 X 0. 


8? 
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The Main Field Magnetomotive Force.—The ampere-turns 
which must be supplied to each field pole are: 


* for no-load, normal voltage, 3650 
full-load, non-inductive, 4090 
full-load, 80 per cent. lagging, 4920 
maximum exciter voltage = 110. 


The field winding may be taken as composed of copper strip, 
edge wound. The depth of such a winding may vary from 14 in. 
to 114 in. under ordinary circumstances, being usually deeper with 
short poles. 

The choice of the actual dimensions for a given case is largely 
a matter of experience. The limiting factor is, of course, the 
amount of heat that may be radiated. 

In this machine, the field conductor is 0.625 in. wide by 0.0175 
in. thick. 

Length of winding space, exclusive of that required for pole 
insulation = 5.5 in. 


Turns in series per spool = 230.5 
Field current, no-load = 55,>¢ = 15.8 amp. 


Field current, full-load, non-inductive = 17.8 amp. 
Field current, full-load, 80 per cent. lagging = 21.3 amp. 
Mean length of field turn = 2.72 ft. 
Total length of field winding (8 spools) 


8 X 230.5 X 2.72 
5020 ft. 


Cross-section of conductor = 0.01095 sq. in. 
Resistance, at 60°C. = 4.3 ohms. 

Excitation volts, no-load = 15.8 X 4.3 = 67.5 
Excitation volts, full-load, non-inductive = 76.5 
Excitation volts, full-load, 80 per cent. lagging = 91.5 
Current density in the field winding: 


no-load = 1434 amp. per sq. in. 
full-load, non-inductive = 1625 
full-load, 80 per cent. lagging = 1945 


Losses and Efficiency.—Full-load, non-inductive. 
Armature copper loss per phase = [?R, = 252 X 0.69 = 432. 
Total copper loss in armature = 3 X 432 = 1296 watts. 
Field copper loss = I;?R; = 17.82 X 4.3 = 1370 watts. 
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The core losses have already been calculated for direct-current 
machines. The hysteresis loss for alternators is determined on 
the same basis. The eddy current loss will not, as in direct- 
current machines, be equal to the hysteresis, but owing to the 
greater degree of lamination, will be much less. 

In this case it will be assumed that the eddy current loss is 50 
per cent. of the hysteresis loss. 


Weight of armature core = 806 lb. 
Weight of teeth = 180 lb. 
Hysteresis loss in core = 1130 watts 
Hysteresis loss in teeth = 730 watts 
Total hysteresis loss = 1860 watts 
Total iron loss = 1.5 X 1860 = 2790 watts 
Friction and windage loss, assumed 1 per cent. = 1000 watts 
Total loss, full-load, non-inductive = 6460 watts 
: 100,000 _ 
Efficiency = 106,460 ~ 0.939. 


Temperature Rise.—This is determined for the different parts 
by the use of coefficients obtained in practice. For rotating 
armature machines the radiation of 0.8 watt per sq. in. of surface 
corresponds approximately to a temperature rise of 100°C. 
Thus, for a rise of 40°, the radiating surface should be sufficient 
to dissipate 0.3 watt per sq. in. 

With rotating field cores, owing to the greater fanning action 
a larger amount of energy is dissipated for the same temperature 
rise. In some cases, particularly with turbo-alternators, there 
are placed on the revolving structure fan blades which increase 
the heat dissipation still more. In such cases, 2 watts per sq. in. 
might correspond to a 100° temperature rise. The actual tem- 
peratures which different parts of a given machine will attain 
can only be estimated from experience, from the current and 
flux densities and from a study of the particular structure with 
relation to the ventilating action which it will produce. 

In the machine under consideration, the copper loss in each 


field winding is aa e = 171 watts. 


The area of the coil surface, including both the external and 
the internal surfaces, is about 400 sq. in. 


171 
Watts per sq. in. radiated are therefore 400 ~ 0.427. 
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It is safe to assume that this will not cause a temperature rise 
greater than 40°C. The total loss in the armature is 4090 watts. 
This is dissipated from a total area, including air ducts, and al- 


lowing for extension of the end-connections, of about 8200 sq. in. 
090 


Watts per sq. in. radiated are therefore, 5D = 0.5, which is 
entirely conservative. 

Regulation.—This may be determined directly from the satura- 
tion (magnetization) curve. Thus, the field excitation for full 
non-inductive load has been found to be 4090 amp.-turns. Re- 
ferring to the curve for this machine, shown in Fig. 209, the no- 
load voltage with this excitation is 2440. 


2440 — 2300 
2300 


.. Regulation = = 0.061 = 6.1 per cent. 

Regulation may also be determined by adding, vectorially, 
the ZR and JX drops to the full-load voltage, to obtain the no- 
load voltage. The reactance has been seen to have two com- 
ponent values representing that of the coils immediately under 
the poles, and that of the coils between the poles. These have 
been designated x and a, respectively, and their values for this 
particular machine have been determined in connection with 
problem 90. The theoretical determination of x has also been 
carried out in connection with Fig. 210. 


CHAPTER XL 
SHORT-CIRCUIT OF ALTERNATORS 


The short-circuiting of a direct-current generator is a very 
serious event. The commutator usually ‘flashes over’ and the 
belts or shafts are dangerously strained. With alternators, ex- 
cept with large turbo-machines, such short-circuit results in 
practically no excessive stresses and of course not in any “fire- 
works.” 

However, the phenomena of alternator short-circuits are of 
great interest and importance. They involve the passage from one 
steady state—that of normal operation—to another steady state— 
that of the permanent short-circuited condition. Between these 
two steady states is what is called the transient period, during 
which the system is thrown out of equilibrium. It is during the 
transient period, especially its first part, that difficulties some- 
times occur, and consequently the interest of the student lies 
chiefly here. 

In any circuit of resistance and inductance, in which a con- 
stant e.m.f. is acting, the current flowing at any instant after the 
closing of the switch has a value expressed by the equation 


tele. Le): 


Similarly, when the e.m.f. is removed and the circuit is closed 
upon itself, the current, and therefore also the flux, dies down 
according to the equation 

bye 
i 

According to this latter equation the effect of resistance is to 
damp out the current, while the inductance tends to maintain 
it. A most striking illustration of these effects is afforded by the 
experiment of OnnEs,! who withdrew a magnet from a closed coil 
immersed in liquid helium. The temperature of the coil was so 
low that the resistance became a negligible quantity, and the 
current continued to flow for hours. 


1Gommunication No. 119 from the Physics Laboratory, Leiden. 
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Applying these equations to an armature under the condition 
of short-circuit, the current could be found from known values 
of r and L, were it not for the e.m.f. of rotation of the armature 
in the resultant field. To find the current under actual condi- 
tions requires first a knowledge of the flux at any instant, and 
then the derivation of the electromotive force from the flux. 

Thus, at the instant of short-circuit, it may be assumed that 
the alternator has its full field flux. After the permanent short- 
circuited condition has been reached, the field has fallen to only 
a few per cent. of its normal value on account of the armature 
reaction (that is, the armature reactive magnetomotive force), 
which demagnetizes the field. During the transient period the 
field is not much affected by the fluctuations of armature current, 
these being balanced if the field-circuit resistance is low, as is 
always the case, by mutual induction with the field circuit, the 
field and armature ampere-turns acting in opposition to each 
other. At the instant of short-circuit, therefore, the value of 
the current produced depends almost entirely upon the resistance, 
r, and the reactance, x, of the armature. Armature reaction, or 
the demagnetizing effect of the armature current, has no appre- 
ciable effect, at first, in cutting down the resultant flux. The 
current may rise to, say, 20 times its normal value. To main- 
tain this current would require an abnormally large field excita- 
tion, many, many times as great, in fact, as that which actually 
is available. Indeed, it might, without great error, be assumed 
that in comparison the actual excitation is practically zero. In 
that case, then, the main field flux is surrounded by a short-cir- 
cuited winding, and it must therefore decrease in value according 
to some exponential law, such as, 


rT 


air 
ob = Ge THY 5 
or, if time is expressed in radians 
BSF 
o = de % 


The final value of the flux is determined by what is known as 
the synchronous impedance of the armature which consists of its 
resistance and the equivalent reactance of the armature magneto- 
motive force. This fact fixes the values of ro and Xo. 


a , 
The ratio x 8 not readily calculated. It depends not only 
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upon almost all constants of the generator, such as the armature 
reaction, armature resistance, field-circuit resistance, field wind- 
ing, eddy currents in field poles, etc., but also upon the nature 
of the short-circuit, whether single-phase or multiphase. Suffice 
it, therefore, in this elementary treatise, to state the fact that in 
almost all types of machines it is in the neighborhood of from 
0.01 to 0.02. In other words, the field flux dies down very 
slowly, requiring several cycles before it reaches a small value. 
Since the speed, during the transient period, may be assumed 
uniform, the induced e.m.f. will decrease according to the same 
exponential as governs the flux. 
If the initial value of the e.m.f. is 


e = E,, sin wt 
and the final value is 
€2 = Hom Sin wt, 
then, during the transient period, the e.m-f. is 


=a : 
C= Hime 1 sin wt + Hom sin wt, 
that is, it is the sum of the final value and a transient term, the 
latter being proportional to the instantaneous value of the flux. 
Re-writing this equation in terms of the phase angle, 6, 


6 = Eine ~ x09 gin 6 + Eo sin 8 (117) 


in which @, is the phase angle at the instant when short-circuit 
occurs. 

§ — 6, represents any time elapsing after the instant of short- 
circuit. 

At the moment of closing the switch, 


E, sin 6 = Ey, sin 6 + Hem sin 6, 
and 
En = Em = Eom: 


Since the electromotive force in (117) acts through the armature 
circuit of resistance, r, and reactance, z, the fundamental Eq. 
(15) will evidently hold, and, 


ro 
— —(0 nik 
é= Hae € vo 


ye ; f du 
sin 6 + Hom sin @ = ir + tae 
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The solution of this is 


i=e 2° [ Sex? ris sin 6d0 
+ Urs sin 0d@ + c| 
ais 2 [At of ex! sin 6 dé 


4 2" ei sin odo] + Geman, 


where 
Lote re) es 
xs E vo ial BONY 
Substituting 
Z? R? a XC 
and 


a 
tan 6, = a 


and determining C from the condition that when 6 = 6;,7 = 0 
the final solution is given by 
i= ie Zee =Oeain (6 — B) + =e 


eAEE ar pt eos 
- AG feat) g (sin (41 


sin (6 — 1) 


— f)) (118) 


This ose. may be greatly aL by introducing certain 
approximations, which, for practical considerations, do not injure 
the value of the results obtained. Thus, in practice EH», lies 
between 2 per cent. and 10 per cent. of Z,, being smaller in 
larger machines. 

Neglecting He, in (118), and writing EF, for H1,, (118) be- 
comes 

u € To we 
= 2S [ec ?-™ sin — 6) — « 2°" sin (0, —8)| 
(119) 

Equation (119) is convenient for fairly accurate work and should 
be used for ordinary wave determinations. Nevertheless, rough 
approximations may be made by further simplification. Thus, 


assume 6 = 90°; then sin (6 — 6) = —cos@. Also, assume 
xX 
Vem 1. Then (119) becomes 


A EH Cs) PaO pen 
t= =*|¢ a ) cos 6; — € x Deos a]: 
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These assumptions are more or less reasonable since, in practice, 
B lies between 85° and 90°, and, in concentrated field windings, 
the reactance is much greater than the resistance. 

The condition for maximum current is when 0, = 0, and 6 = 7. 


Then, 
oo =2/ er ~a" | 
= ai G — (RE 
Tor : 
The value of is about 0.02 in all alternators, and oe = 0.06, 
a vo 
giving e~?° = 1 approximately. 


Therefore the maximum current at short-circuit is 
; al eee 
i= [ee +1]: 
es : (i ae 
Continuing the evaluation, qm is from 0.6 to 0.8. 


Imax = Zs < 1.75 (approximately). 

As an example, take an alternator which has 4 per cent. react- 
ance. The greatest possible current that can be obtained on 
short-circuit is then 

lmaz = 0.04 X 1.75 = 44 times normal current. 

To illustrate the effects of short-circuit, three typical generators 
are taken as examples, as follows: 

Class A.—Engine driven generators. Reactance, z = 12 per 
cent., = 0.12, resistance, r = 1 per cent., = 0.01, short-circuit 
current under normal no-load excitation, J; = 22, where I = 
full-load current. 

Class B.—Turbo-generators. x = 0.02, r = 0.01, I; = 21. 

Class C.—Turbo-generators with external reactance. #& = 
0.06 (0.02 internal, 0.04 external), r = 0.01, J, = 2J. 

All three machines are taken on the percentage basis; with 
E, = 1,Im= 1. All are single-phase generators, or, the short- 
circuit may be regarded as that of one phase only, of a multiphase 
generator. 

Problem 96.—From the above data calculate and plot the first few 
cycles (2 to 4) of armature current, voltage and power. 

The current may be determined from (119), the voltage from 
(117) in which E2,, is neglected, and the power from the funda- 
mental relation, p = e?, where instantaneous values are con- 


sidered. 
20 
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The following values are at once obtained: 


E E 1 r 
ry is taken equal to 7; ro = Tak [aa ae 0.5; A = 0.02 


aS 


Class A Class B Class C 
ple ae Oe -(£-2) | 0.0833 — 0.02 0.5 — 0.02} 0.1667 — 0.02 
aes cam ler, li Ones 0.48 0.1467 
= =sin 6 = 0.998 0.9013 0.9894 
p= 86° 20’ 64° 20’ 81° 40’ 


The only other constant factor remaining to be supplied is 1, 
the time-phase angle representing the instant of closing the 
switch. 6, may be taken at any desired value, and it should be 
considered what effects are produced with different values. For 
convenience of calculation, and also to work under extreme con- 
ditions the following values of 6; may be chosen. 


Class A | Class B Class C 
6:=—3° 40’ | —25° 40’ —8° 20’ 
86° 20’ | 64° 20’ 81° 40’ 

41° 20/ | 19° 20’ 36° 40’ 


For each value of 6; a set of three curves may be obtained, and 

a comparative study will then be possible, both in regard to the 
effect of closing the switch at a different point in the cycle and 
with regard to the influence of the constants of the different types 
of machine. In the present instance the curves for the engine 
driven generator (class A) are produced under the condition 6; = 
— 3°40’. The equations, with numerical values supplied, are: 

i = 8.32[e~ 002 + 0.064) sin (9 — 96° 20") + ¢7 0.083810 + 0.064) 

= 8.32[e"" sina + € “| = 8.32[a + B] 

eee ¢  0:02(8 + 0.064) sin @ = e~* sin 6 
Pp = et = 8.32[e~ 04 + 0-064) (gin? 9 cos 86° 20’ 
— sin @ cos 0 sin 86° 20’) pe, f082@ + 0.088) iro). 


It is not necessary to evaluate the power equation since the 
product ez may be taken for each angular position. The tabula- 
tion is given for 360° from the instant of closing the switch. The 
three curves are shown in Fig. 229 for something over two cycles. 
Figs. 230-237 are for the other cases which have been taken. 
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’ Tabulating: Case A. 6, = — 3°40’. 
a a ae ea Se 
6 — 0 15 30 45 60 75 90 | 120 
@° —3° 40’| 11° 20’ | 26° 20’ | 41°20’ | 56° 20’ 71° 20’ |86° 20’ |116° 207 
sin 6 —0.064| 0.1965 | 0.4436 0.6604) . 0.8323 0.9474 |0.998 |0.8962 
a =0—86° 20’| —90° —75° =60° —45° —30° —15° 0.0 30° 
sin a —1.0 |—0.9659|—0.866 |—0.707 |—0.5 —0.2588 |0.0 0.5 
6(rad.) —0.064| 0.198 0.459 0.721 | - 0.982 1.244 |1.507 |2.03 
@+ 0.064 0.0 0. 262 0.523 0.785 1.046 1.308 {1.571 {2.094 
£ 0.0 0.00524; 0.01046} 0.0157) 0.02092) 0.02615/0.03142'0.04188 
ene 1.0 0.9947 | 0.9895 0.984 0.979 0.974 |0.969 |0.959 
y 0.0 0.0218 | 0.0436 0.0654} 0.0872 0-109 |O: 131 051745 
b=e¥ 1.0 0.978 0.957 0.936 0.916 0.898 |0.878 |0.841 
a —1.0 |—0.96 |—0.857 |—0.695 |—0.49 —0.252 |0.0 0.48 
a+b 0.0 | 0.018 | 0.1 0.241 | 0.426 0.646 |0.878 |1.321 
a 0.0 0.15: 0.832 2.01 3.55 5.38 7.30 11.0 
e —0.064| 0.1953 | 0.439 0.65 0.815 0.923 |0.967 |0.86 
v4) 0.0 0.0293 | 0.365 1.308 2.89 4.97 7.05 9.45 
a 
O6— fi 150 180 210 240 270 300 330 360 
6° 146° 20/|176° 20’| 206° 20/ | 236° 20’ | 266° 20’ | 296° 20’ | 326° 20’ | 356° 207 
sin 0 0.5544 |0.064 |—0.4436]—0.8323/—0.998 |—0.8962|—0.5544|—0.064 
a=0—86° 20’| 60° 90° 120° 150° 180° 210° 240° 270° 
sin @ 0.866 |1.0 0.866 0.5 0.0 =—0.5 —0.866 |—1.0 
6(rad.) ss B40 1 BYB 4.125 |4.65 5.17 5.7 6.22 
6+0.064 |2.614 |3.144 |3.664 4.189 [4.714 [5.234 |5.764 |6.284 
£ 0.05228/0.06288|0.07328 |0.08378 |0.09428 |0.10468 |0.11528 |0.12568 
(et 0.949 |0.939 |0.929 0.9195 |0.91 0.902 0.891 0.882 
y 0.2175 |0.262 |0.305 |0.349 |0.393 |0.436 0.48 0.524 
bee4% 0.804 (0.768 |0.737 0.706 0.674 0.65 0.62 0.592 
a 0.822 |0.939 |0.805 0.46 0.0 —0.451 |—0.772 |—0.882 
a+b 11626) te 707 e542 ant 166) 0.674.010.1908 104152981029 
t 13.53 |14.2 12.85 9.7 5.6 1.66 —1.266 |—2.415 
e 0.525 |0.060 |—0.412 |—0.765 |—0.908 }—0.809 |—0.494 |—0.0565 
Dp on 0.0851 |—5.8 |—7.42 |—5.08 |—1.343 |0.625 - |1.364 


Class A.—0, = 41° 20’ =0.718 radian 
Pes 8/32[e— 9-02(6— 0.718) sin(@ — 86° 20’) — ¢ — 90-0833 (8 — 0.718) sin(—45°)] 
= 8.32[e 7 sin(@ — 86° 20’) + 0.707 e~ 4] 
= en sin 


OS thi | 0 30 60 90 120 150 180 210 
t) 41° 20’ | 71° 20’ |101° 20’/131° 20’|161° 20’} 191° 20’| 221° 20’| 251° 20’ 
ers i 0.989 |0.979 |0.969 |0.959 0.949 0.939 0.929 
sin 0 0.6604) 0.9474/0.9805 |0.7509 0.3201 |—0.1965) —0.6604| —0.9474 
Cw —45° —15° 15° 45° 75° 105° 135° 165° 
sin a!’ —0.707 |—0.2588]0.2588 |0.707 |0.9659 0.9659} 0.707 0.2588 
e *sina’”’ —0.707 |—0.256 |0.2535 |0.685 |0.9255 0.916 0.664 0.2405 
707e ¥ 0.707 0.677 !0.648 |0.621 !0.595 0.568 0.543 0.521 
7 0.0 3.5 Uo) 10.87 |12.67 12.35 10.05 6.34 
e 0.6604! 0.936 |0.96 0.728 |0.307 |—0.1864);—0.62 |—0.88 
p 0.0 3.28 |7.2 CO) 3.89 P15) —6.23 |—5.58 
a 
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Fig. 229. 
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Class A.—0, = 86° 20’ = 1.50 radians. 
The equations (423) and (421) become: 

4 = 8.32¢— 9.020 — 1.5) sin (@ — 86° 20’) = 8.32e-* sin a, 
e = «~9-02(8 — 1.5) sin g = e-*gin 6 


Tabulating: 
ia hi ia Ane Pai eee ake n> yk € |e atelier igi wel, Ae 
0 — 61 0 30 60 90 120 150 180 210 
9° 86° 20//116° 20//146° 20’|176° 20’| 206° 20//236° 20’ |266° 20’ |296° 20’ 
sin 6 0.998) 0.8962] 0.5544) 0.064 |—0.4436) —0.8323/—0.998 | 0.8962 
a 0.0 | 30.0 |60.0 90.0 /|120.0 {150.0 [180.0 {210.0 
sin a OL0L ALO). 0.866 | 1.0 0.866 | 0.5 OO  \=0.8 
@(rad.) 1,5 || DOR | Dead || Betere 3.60 4,12 4.64 5.17 
= We OHONMILO6 300) Ody mad 57, 2.10 2.62 3.14 3.67 
x 0.0 | 0.0106] 0.021 | 0.0314) 0.042 | 0.0524! 0.0628] 0.0734 
Pag 1.0 | 0.989 | 0.979 | 0.969 | 0.959 | 0.949 | 0.939 | 0.929 
«sina 0.0 | 0.4945] 0.848 | 0.969 | 0.831 | 0.4745} 0.0 |—0.4645 
i ORONO MEST OG 6.92 3.94 Ox S320 
é 0.998} 0.886 | 0.542 | 0.062 |—0.425 |—0.79 |—0.937 |—0.833 
Dp O.0 iG NS OUR Oey. Sea 0.0 3.22 
ee as PS Pe TE 
@— 240 270 300 330 360 390 420 450 
@° 326° 20’ | 356° 20’ | 386° 20’ | 416° 20’ |446° 20’|476° 20’|506° 20’/536° 20’ 
sin 6 —0.5544/—0.064 | 0.4436) 0.8323! 0.998'0.8962 |0.5544 |0.064 
a 240.0 |270.0 |300.0 [330.0 [360.0 |390.0 [420.0 |450.0 
sin a —0.866 |—1.0 |—0.866 |—0.5 0.0 (0.5 0.866 /1.0 
0(rad.) 5.69 6.21 6.74 Ti TAT SUISESOMNn (Se SOumlOn8D 
pas 4.19 4.71 5.24 5.76 6.28 16.80 |7.33 |7.85 
x 0.0838} 0.0942) 0.1048} 0.1152) 0.1256'0.136 |0.1466 |0.157 
e? 0.9194) 0.91 0.902 | 0.89 0.881/0.872 |6.864 |0.855 
e-* sin a —0.796 |—0.91 |—0.782 |—0.445 | 0.0 |0.436 |0.749 |0.855 
i =6.68) = 757 |—=6.5L |=3.74 OOM |GEG30mEn G2 4mm zal 
e —0.51 |—0.0582| 0.40 0.741 | 0.880/0.782 |0.479 |0.0547 
Dp 3.38 0.441 |—2.61  |—2.77 0.0 |2.84 |2.99 {0.39 
lA SE a se Ea i a ae 
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— 40 


Current, Power, Voltage (x 40 


Fie. 232. 
Class B.—6; = — 25° 40’ = — 0.445 radian 
i 45. 1[—¢—9-02(0 + 0.445) sin(@ — 64° 20’) + 0-58 + 0.445)) 


45.1[e—7 sin (9 — 64° 20’) + «— 4] 
e = €—9.02(8 + 0.445) sin g = ein 6 


6 — 0x ay io) 60. | 90 120 150 180 210 
| 
4 —25° 40’| 4° 20’ | 34° 20’ | 64° 20’ | 94° 20’ |124° 20’/154° 20’|184° 20’ 
sin 6 —0.4331} 0.0756) 0.564 | 0.9013) 0.9971) 0.8258) 0.4331) —0.0756 
x 1.0 0.989 0.979 | 0.969 | 0.959 | 0.949 | 0.939 0.929 
a’ =90:,0) 5/5050 538050; 0.0 30.0 60.0 90.0 120.0_ 
sin a’ —1.0 —0.866 |—0.5 0.0 0.5 0.866 | 1.0 0.866 
« * sin a’ —1.0 —0.856 |—0.4895) 0.0 0.4795) 0.821 | 0.939 0.804 
y’ 0.0 0.265 0.525 | 0.785 | 1.05 1.31 EGY? 1.835 
egy” 1.0 0.767 0.592 | 0.456 | 0.35 0.268 | 0.208 0.158 
t 0.0 —4.015 4.625 |20.6 37.4 49.1 51.7 43.4 
e —0.4331) 0.0748) 0.552 | 0.874 | 0.955 | 0.784 | 0.407 |—0.0702 
Pp 0.0 —0.30 2.55 |18.0 35.7 38.5 21.05 |—3.04 


ides, BBR. 
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Class B.—6, = 19° 20’ = 0.336 radian 
4 = 45.1[e—002(8 — 0.336) sin (9 — 64° 20’) — «9.508 — 0.336) gin (45°) ] 


45.1[e—* sin (0 — 64° 20’) + 0.707 2] 
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es ¢—0-02(8 — 0.336) sin 6 = e “sing 
6 = Oy 0 30 60 90 120 150 180 210 
6 19° 20’ | 49° 20’ | 79° 20’ |109° 20’|139° 20’|169° 20/|199° 20/ 229° 20’ 
sin 6 0.3311} 0.7585) 0.9827) 0.9436] 0.6517) 0.1851/— 0.3311] —0.7587 
em 0) 0.989 | 0.979 | 0.969 | 0.959 | 0.949 0.939 0.929 
€ 7 sin a” —0.707 ;—0.256 | 0.2535) 0.685 | 0.9255} 0.916 0.664 0.2405 
0.707e ¥’ 0.707 0.542 | 0.419 | 0.322 | 0.2475) 0.1895 0.147 ORES 
7 0.0 12.9 30.35 |45.4 53.0 49.9 36.6 15.9 
e Orssltiy O875 0.962 | 0.914 | 0.625 | 0.1758}— 0.3108} —0.705 
Pp 0.0 9.67 |29.2 41.5 33.1 8.77 —11.39 —11.21 
48 - 
re Class B  0,= 64° 20’ 
— (e’ 
} o 
S 32 Ss my, 
re % ai 
24 al Lod 
@ EA 
2 16 iy 
3 
eee 
g 90 1/\80 270 3/60 450 0 6380 20 810 oH 
a“ @ 
216, ————+ 
5 
H 24 
.é) 
22 
bee. 
40 
48 
Hira. 234. 
Class B—6, = 64° 207 = 1:12 radian 
¢ = 45.1e— 9-029 — 1.12) sin (9 — 64° 20’) 
= 45.1 «7% sin (0 — 64° 20’) = 45.1 «7 sin a’ 
e = 7 0.02(9-1.12) gin 9 = e—* sin 6 
O64 0 30 60 90 120 150 180 210 
6 64° 20’| 94° 20’1124° 20/|154° 20’| 184° 20’ | 214° 20’ | 244° 20’ | 274° 20/ 
sin 0 0.9013) 0.9971] 0.8258} 0.4331) —0.0756| —0.564 |—0.9013| —0.9971 
en 10 0.989 | 0.979 | 0.969 0.959 0.949 0.939 0.929 
en Sin a’ 0.0 0.4945] 0.848 | 0.969 0.831 0.4745| 0.0 —0.4645 
a 0.0 22).3 88.25 4307 Hl 5) 21.4 0.0 — 20.95 
e€ 0.9013} 0.985 | 0.809 | 0.42 —0.0725| —0.535 |—0.846 —0.925 
Pp 0.0 22.0 30.95 {18.75 —2.72 —11.45 0.0 +19.4 
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28 
Class} C 4,= —-8°20’ 
24 
fa\ 
20 ra) 
x 3 
ei6 3 | F 
12 rf 
° 
& 8 a | 
s 
64 
> 
4 0 90  180\ 270\ 36 450 540,68 72 10 900, 9/\90 
B 4 g 
i) 5 
#8 ¥ 
é | 
E12 a 
16 
6—6, 
20 
Fie. 235. 
Class C.—0, = — 8° 20’ = — 0.145 radian 
i = 16.5[e— 9-020 +.0.145) gin (9 — 81°40’) + ¢ — 0-1667(0 + 0.145)) 
e oe: Ai 
= 16.5[e— * sin (@ — 81° 40’) + 7 4] 
e = €~ 9-02(8 + 0.145) gin @ = e~? sin 6. 
Sth 0 30 60 90 120 150 180 210 
9 —g° 20’ | 21° 40’ | 51° 40’ | 81° 40’/111° 40//141° 40’| 171° 40’) 201° 40’ 
sin 0 —0.1449] 0.3692} 0.7844) 0.9894] 0.9293) 0.6202] 0.1449 |—0.3692 
et 1.0 0.989 | 0.979 | 0.969 | 0.959 | 0.949 | 0.939 0.929 
a’! —90.0 |—60.0 |—30.0 | 0.0 {30.0 60.0 |90.0 120.0 
«sinew? |—-1.0 |—0.856 |—0.49 | 0.0 0.48 | 0.821 | 0.939 0.804 
y” 0.0 0.0883] 0.175 | 0.262 | 0.35 | 0.437 | 0.523 0.611 
ou 1.0 0.915 | 0.84 | 0.769 | 0.705 | 0.647 | 0.593 0.543 
i 0.0 0.973 | 5.77 |12.7 |19.55 |24.2 25.3 22.2 
e —0.1449] 0.365 | 0.767 | 0.959 | 0.89 | 0.589 | 0.136 |—0.3427 
p 0.0 0.355 | 4,425 112.18 |17.4 14.25 | 3.44 |—7.61 


Current, Power, Voltage (x 20) 
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Class C.—6, 


36° 40’ = 0.637 radian 
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Rie 16.5[e— 9-02 (6 —0.637) sin (0 — 81°40’) — ¢ — 0-1667 (4 — 0.637) sin (— 45°)] 
= 16.5[e~® sin(9 — 81° 40’) + 0.707 «— 4] 


—0.02(0—0.687) sin 9 = ¢ 


at rt 


Cae sin @. 
0 61 0 30 60 90 120 150 180 210 
6 36° 40’ | 66° 40’ | 96° 40’/126° 40’)156° 40’| 186° 40’] 216° 40’ | 246° 40’ 
sin 0 0.5972) 0.9182] 0.9932) 0.8021) 0.3961;—0.1161| —0.5972) —0.9182 
et 1.0 0.989 | 0.979 | 0.969 | 0.959 | 0.949 0.939 | 0.929 
€-7 sin a” |—0.707 |—0.256 | 0.254 | 0.685 | 0.926 | 0.916 0.664 | 0.241 
0.7074" 0.707 | 0.647 | 0.594 | 0.544" | 0.498 | 0.457 0.42 0.384 
Z 0.0 6.45 |14.0 120.25 |23.5 22.65 17.9 10.3 
e 0.5972] 0.908 | 0.972 | 0.777 | 0.38 |—0.1102| —0.5605| —0.853 
D 0.0 Beso LS cOnen T5874 ees Ose 2e 5 = 10505 mil==se75 
20 —— 
= Class C | 6, =81° 40 
g 16 
“ ° 2 
Sie 3. & it 
in 4 o 
° 
ut Se 
> 
yw 0 \ 18 27 60 45\0 50 oslo «(7/20 silo 9 99 
B 4 
[e} 
rm 
ef 
g 
oO 
q 12 ; 
C= 04 
° 16 
20 
INE, PB Ye 
Class C.—6; = 81° 40’ = 1.42 radians 
i = 16.5 e—9-02—1.42) sin (9 — 81° 40’) 
= Gina? gun (@ Se AO Gyr shh 
e = e— 9:02(9-1.42) sin 9 = ce” gin 0. 
6 — 1 0 30 60 90 120 150 180 210 
6 81° 40/]111° 40’/141° 40//171° 40’} 201° 40’| 231° 40’| 261? 40’| 291° 40’ 
sin 0 0.9894| 0.9293} 0.6202] 0.1449] —0.3692|—0.7844|—0.9894| —0.9293 
e* 1.0 0.989 | 0.979 | 0.969 | 0.959 | 0.949] 0.939 | 0.929 
«7 sin a! 0.0 0.495 | 0.848 | 0.969 | 0.831 | 0.475] 0.0 |—0.465 
i 0.0 8.16 |14.0 {16.0 Bis 7.84 OO | sGe 
e 0.9894] 0.919 | 0.607 | 0.1403|—0.354 |—0.744 |—0.928 | —0.862 
D 0.0 7.5 8.5 2.245 |—4.85 |—5183 0.0 6.61 


It is important, in connection with the study of short-circuits, 
to determine how great will be the stress placed upon the shaft of 
the alternator. From the present calculations of power (class A), 
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the maximum value obtained was found to be 9.5 times normal. 
As an example, let the normal maximum output rating of the 
machine be assumed as 10,000 kw. Then the maximum power 
developed under short-circuit would be 9.5 X 10,000 = 95,000 
kw. 

A portion of this power will be supplied from the stored electro- 
magnetic energy of the field, and the remainder must come from 
the stored mechanical energy, or from the shaft. Before short- 
circuiting, the stored electromagnetic energy amounts to lgLi?, 
where L is the inductance of the field system and 7 is the field 
current. 

Since 
no 


L = =X 108 


the energy is, 
w= “ joules. 


Since it has been assumed that the flux at any instant is de- 
termined by the equation 
= 2 (@ — 61) 
pee Pes 8 : 
the energy given out during any period of time is 
ne 
W = 74 jos (¢0 — $1); 
which may be determined from the known constants. 
As an example, let 
& = 150 X 108 lines of flux per pole, — 
n = 300 turns per pole, 


@ = 100 amp. field current. 
Then 
300 X 150 X 10° 
L= “aac 00 Stal OSE 4.5 henrys per pole. 


If all the flux is destroyed the energy is 
W =4X Li? =4 X 0.5 X 4.5 X 10,000 = 90,000 joules, 
or 90 kw. see. 


If this energy all disappears in 145 sec., the average power 
during this short interval is 


90 X 25 = 2250 kw., 
which is furnished by the destruction of the flux. 
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The total heat developed is 7?Ré, or 
t 7) 
W = | ??Radt = {Pra 
ti O1 


where ¢; and 6; are used to designate the initial moment of short- 
circuit, and ¢ and @ any subsequent moment. If, for instance, 
6 — 6, is made equal to 27n, w is the heat generated in n cycles. 
The complete expression for the heat developed is obtained as 
follows. From (119), 
: aN — 2206 — 61): —ai(9—6 
w= SHRI = R(— a) Nee sin? (013 ee) 
sin (9 — 8) sin (6, — B) +e 77°-™ gin? (6, — B)]d6, where ap is 
written for 2) @ for —’ and a, for ae + 

Xo x Xo v 


Carrying out the integration, this becomes 
ae R Ln xX 2 a | 1 
ede Al x a) : ao sy 


sin 2(6 — B) — ap cos 2(6 — ay 
ay?” ao 1 


BR (Bm =) 7 eulO= 61) in (01— B)[cos (@—B)+ a sin (6—8)] 
LEG are NY ac 
— 3 (Fe Z)%_-2H0- 0 cin? (0, — 8) + C. 


The maximum heat is produced when the short-circuit occurs 
at such a time that sin (6; — 8) = — 1. The maximum heat 
produced in n cycles is then: 

TAT te Ee YO aril e— 4tnao j= e—fnne 
w =| «rd = R(— 5) [— = 


6=61 


2 —sTNa 
> eraprl oes )| approx. (120) 
The average power developed during n cycles is 
6=601+20n 
pee a (Horas (121) 
2nn 6=f1 
2 Em! m k 
Since the rated power of an alternator is » the ratio 
eae 
Power during short-circuit _ 2rn S PRA x Ww _ op 
rated power Enlm EB, Aman 
2 
. En m 1 e 
On the percentage basis, hp OF if EI =1, where effect- 


w 
ive values of voltage and current are used, the ratio becomes ed 
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Problem 97.—Calculate and plot the ratio of average power, under the 
condition of maximum heat (Eq. 120), to rated power, for values of n from 
1 to 10, for the three classes of alternators. 

Class A.—From the previous calculation (page 315), 


2 
(= z) = 0.01(8.32)2 = 0.692 
0.692 _ 0.11 
Qn StiésDN 
aero 02! Aone OOS Aye = 002615 
e102 0834; 2a = 0.1667, dx ae =1, 048 
pen O1034: 2a, = 0.2067, Te oe UNG 
2 
Bit 0.0107 eee ghgulire peso ag eT TEN 
: 1 + a? 


Supplying these values (121) becomes 


P = 0.11 (: —_ €— 0-2515n 2 — e— 1.408n sh 0 2043(1 ny eng) 
ni n 0.08 0.1667 : 
201254 Leo Conn ost ee COle enade iv 0.02246 _o.65n 
n n n n 
=a—b—c+d. 
Tabulating: 
n 1 2 3 4 5 6 8 10 
2.01254 
a =—— 2.01254 1.00627 |0.67083 0.50314 |0.40251 /0.33542 0.25157 0.20125 
1878 1.375 |0.6875 |0.4583 |0.3438 [0.275 0.2297 0.1719 |0.1375 
2:86 0.66 0.33 0.22 0.165 |0.132 0.11 0.0825 (0.066 
oes 0.02246'0.01123 |0.00749 |0.00562 |0.004492 |0.00374 |0.00281 |0.002246 
0.2515n |0.2515 |0.503 |0.7545 |1.006 /1.2575 1.509 |2.012 /2.515 
eae 0 778 0605 am | 0.47: 0.364 (0.284 0.22 0.134 |0.081 
1.048n |1.048 |2.096 |3.144 |4.192 |5.24 6.288 |8.384 10.48 
erase 0,35 Onl24 0.043 |0.015 |0.0058 0.0016 |0.0 0.0 
0.65n |0.65 iL 1.95 2.6 3.25 3.9 5.2 6.5 
Cae EO). O28u8 10.272 0.142 0.074 0.038 0.019 0.006 0.0012 
b LeO7 nO. 1 Gl Ol22 7a O eb mealORO7S 0.0505 |0.023 |0.01115 
c 0.231 |0.041 [0.00945 |0.00247 |0.000765 |0.0001760.0 0.0 
d 0.01175'0.003055/0.001063)0.000416|0 .0001707/0.000071,0.000017,0.0000027 
Pe. 0.7233 |0.5523 |0.4354 |0.3761 |0.3239 |0.2848 |0.2286 |0.1901 
Ratio |1.4466 |1.1046 (0.8708 |0.7522 |0.6478 {0.5696 |0.4572 |0.3802 
Class B.— 
Se \e 0.01 (45.1)? 20.34 
HA Veet Ge = 0. z = : 
Fo (45.1) 
20.34 _ 3.24 
, 2mn i 
ao = 0.02, 4ay = 0.08, 4rayo = 0.2515. 
a = 0.5, 2a = 1.0, 4ra = 6.28. 
a, = 0.52, 2a, = 1.04, ZTE ecOe 
2a 
a? = 0.271, 1+ a? = 1.271 *_ = 0.817 


T+ a? 
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Supplying values (121) becomes 


2794 iL e> 0.2515n = e— 8:28n 
Pree | a. _ =3.267n | 
av, n 0.08 + 1 0) 81701 € ) 
Re 41.09 40.5 _0.2515n 3.24 _658n 2.65 _3 267 
= = € ie a a € 
n nN n n 
=a’ —b’—c +d’, 
Tabulating: 
SE a aT | eS RS [GEES FRR RS GP RR cr Ee aaa 
n 1 2 3 4 5 6 8 10 
a’ 41.09 20.54 Seal Oe2 (ale Se22 a oe Soman lola O9 
40. 
ue 40.5 20.25 1B IO. 1s) Sal 6.75 |5.063)4.05 
24 
oa 3.24 G2, 1.08 | 0.81 | 0.648) 0.54 |0.405)0.324 
We 
268 2.65 1.325 0.883) 0.663) 0.53 | 0.442/0.331/0.265 
€—0-2515n 0.778 0.605 0.47 | 0.364) 0.284) 0.22 |0.134/0.081 
€~6-28n 0.0016 | 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0 
€—3-267n 0.0388 0.0017 | 0.0 0.0 0.0 0.0 0.0 |] 0.0 
b’ Bul 5 OS 1D PAs 6.34 | 3.688] 2.3 1.485/0.678/0.328 
Cc 0.00518} 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0 
d’ 0.101 0.00225) 0.0 0.0 0.0 0.0 OFORFORO 
eeoe 9.66 8.29 7.36 | 6.58 | 5.92 | 5.37 14.46 13278 
Ratio 19.32 16.58 WA} IB WS VILL IO. 725 SO Ne Sie} 
Class C.— 
wes ; = 0 01GI6.5)2 =" 257225 
as Za = 0.01(16.5)? = 2. 
2.7225 _ 0.434 
Qn ti‘ 
ayo = 0.02, 4ay = 0.08, 47 ay = 0.2515. 
a = 0.1667, 2a = 0.333, 4ra = 2.093. 
a, = 0.1867, yen = 0) .cVRby, Soa = Ih We 
2a1 
ai? = 0.035, 1+ ay” = O35: enn = 0.361. 


Supplying values (121) becomes 


0.434¢1— ¢-02515n 1 — ¢~2.093n mat 
| ae tae OL = se 


6.565 — 5.42 _o2515n _ 1.302 2.093 , 9-157 —1.173n 
rer € = le € cea care 
n n n n 


= a” ae b” APS Bs Ge + oe 


av. 
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Tabulating: 


n 1 | 2 | 3 | 4 5 6 8 10 
6.565 
a’ = mn 6.565 |3.283 |2.155 1.641 |1.313 |1.078 |0.8205)0.6565 
a 5.42 |2.71 1.807 |1.355 |1.084 |0.903 |0.677 |0.542 
1302 1.302 [0.651 |0.434 |0.326 |0.260 |0.217 |0.163 |0.1302 
a 0.157 |0.078 |0.052 |0.039 |0.031 |0.026 |0.0195,0.0157 
€, 0-251bn 0.778 |0.605 |0.47 0.364 |0.284 |0.22 |0.134 |0.081 
eae 0.124 |0.015 {0.0018 |0.0 0.0 0.0 0.0 0.0 
eq -tién 0.308 |0.097 0.029 |0.0095)0.0025/0.0005|0 .0 0.0 
62 4,22 {1.64 0.849 (0.493 |0.308 |0.1988)0.0906|0.0439 
Ce 0.1615)0.00975|0.00078)0.0 0.0 0.0 0.0 0.0 
a 0.0483)0 .00756)0.00151)0.0 0.0 0.0 0.0 0.0 
Pav, 2.23 |1.64 1.31 1515) 100) 0.883 ORS e0268 
Ratio 4.46 |3.2 2.62 PROBA | P2NOE litle hay nt aZG Lee 
20 As an illustration of the 
power developed under short- 
od a ‘ circuit, consider the genera- 
tor of class A. The average 
Ete power developed in the first 
a a cycle under the worst condi- 


i 
~ 


= 
t 


co 


Ratio, Average Power to Rated Power 
_ 
for} o 


<> 


Class Ci 


oer 


cece. OG 
Cycles 


Fie. 238. 


Class A 


CE ty 


tion is found to be 0.7233, 
where E,. = 1; 7, =7i-7end 
Pw. = normal power output 


Els 
=“5t = 4. 


If, now, a 25-cycle machine 
of 5000-kw. rating of this 
type, 1s considered, the aver- 
age power during the first 
cycle is 10,000 < 0.7233 = 
7,233 kw. The instantaneous 
maximum of power has 
already been found to be 
95,000 kw. 


Problem 98.—Determine the 
above relation for the machines 
of classes B and C. 
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Stresses on End-connections of the Armature Coils.—When 
end-connections run parallel for some distance, the forces exerted 
on them are often very great at the instants of heavy current 
during short-circuit. The force at any time may be determined 
to a sufficient degree of approximation by multiplying the average 
density of the flux through one conductor due to the other 
eonductor, by the current in that conductor. 

Consider two similar conductors of radius, r, with a distance, d, 
between centers. To find the average flux through conductor 
B due to the current in conductor A. The flux through any ele- 


ment, dz, of B is, per centimeter length of conductor, 
AnrIndx 2Idx 
? 


kes Qntt«i 


where IJ is in abamperes, and yu is taken as unity. The average 
flux density is then: 

il dre d+r 

bm =Ba=x[- p= , 10g Saar 


d-—r 


In general, the force exerted is BI] dynes, where | is length of 
the wire in centimeters 


ae N 
mois 
Se \ 
\ \ 
A dz\\\B 
/ 
ja} 
a i 
ag 
a, rome 
Fig, 239. Fig. 240. 
Hee le d+r 
Thus, force per cm. = ae log 7s , dynes. 


Epil? d 
If J is in amperes, ae TOCr log Fe ee 


If dimensions are given in inches, the cae remains the same. 

Example.—Consider two adjacent conductors, as shown in Fig. 
240. The area of each conductor is 0.2345 sq. in. The current 
density is taken as 2000 amp. per sq. in. under normal conditions. 
Therefore maximum normal current is 


= /2 X 0.2345 X 2000 = 664 amp. 
d = 0.5, r = 0.1562, 1 = 20. 
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The maximum force under normal load is then 


(664)? X 20 , 0.6562 _ _ 366,000 _ 
= 700 0.1562 1°8 0.3438 ~ 366,000 dynes = 77 q99 


0.822 Ib. 


F 


This shows that the force under normal conditions is very 
slight. Under short-circuit the ratios of maximum current to 
normal current for the three classes of machines considered, were, 
respectively: 

for class A, 14.2 
for class B, 52.0 
for class C, 25.3. 


Thus, the maximum short-circuit forces are, for the three classes 
under the dimensions assumed: 

F, (max.) = 0.822 X 14.22 = 166 lb. 

Fp (max.) = 0.822 X 52? 2220 lb. 

Fo (max.) = 0.822 X 25.3? 527 Ib. 


Problem 99.—Discuss the effects of changing the values of r andd on 
the forces exerted on the end-connections. 

In general, the effect of short-circuit as obtained in machines of class B, 
was much decreased by the addition of external reactance, as exemplified in 
class C. What change in the relative positions of the end-connections would 
be necessary to reduce the force as obtained for class B to that of class C 
machines? 


Multiphase Short-circuits.—The voltage of any phase, m, of a 
multiphase alternator in the steady period of operation is ex- 
pressed by 


ori) 


Co. Dna (wt + - 


Thus, for a three-phase generator, the voltages are 


é: = E,, sin (wt + 0) 
é2 = EH, sin (wt + 120) 
é3 = EH, sin (wt + 240) 


where m has the values, 0, 1, and 2, respectively. (For two-phase 
alternators, m must be taken as 4, not as 2, since the voltages 
differ by 90°, not by 180°.) 
The currents of a three-phase alternator are: 
a, = I, sin (wt + B) 
tz = I, sin (wt + 120 + B) 
is = I, sin (wt + 240 + £). 


SHORT-CIRCUIT OF ALTERNATORS 321 


The transient voltage, for example, of the second phase, is, 
from (117) in which E,, is substituted for £1, ou Ez is neglected, 
as in the later calculations, 


; (@ 
é2 = E,sin (6+ 120)e ™ 


: ; : di : 
Equating this to iar + x a4 as previously done for the single- 


phase machine, the current during the transient period is found 
to be 

: ey ge 
oo Ses 


: = OSB 
rr, sin (@+120—6)—e = 


sin (6; + 120 — 8) |: 


A still shorter but less close approximation is made by con- 


fe} 


Pet ev 
sidering Gas 1, and 8 = 90°. The current is then 


Hn] — lea = a= 0 
an = =e Eom cos 6y 41120) = ena | cos (6 4 120) |. 
In a polyphase generator, the current for any phase is given 


approximately by 


Vow Sau © s(0 4am) _ qo cos (+=) | (122) 
where 7 is the number of phases and m has the values 0, 1, 2, 
. (n— 1). 
Power developed in any phase, at any instant, is the product ez. 
The whole power of a three-phase generator is, at any instant, the 
sum of the three products, €171, @2¢2, €3¢3, of the individual phases. 


Problem 100.—Perform the operation just indicated and prove that the 
power of a three-phase generator is 


Pihree-phase = ieee ema igs) sin (6 — 6;). 

This equation shows that power of a polyphase generator is 
entirely independent of the time of closing of the switch. This 
time may have any value assigned to 6;, but the time at any 1n- 
stant after the switch is closed is represented by @ — 61, which is 
independent of 41. 

This is quite different from the case of single-phase short-cir- 
cuits in which the power, similarly determined, is 
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Em? — (42) 0-0 
P(one-phase) = . [« (aay) Gate 
cos 6 sin 6 Oe ro gin 26 |. 3 


In this equation, 6 enters independently of 6;. Cos 4; is, of 
course, a constant. 

From the power equations, the torque on the shaft at any 
instant may be determined. 


Problem 101.—Show that the maximum power of a single-phase short- 
circuit on a three-phase machine is two-thirds of that of a three-phase 
short-circuit on the same machine and explain in words the basis for this 
relationship. 


Armature Reaction.—For a three-phase generator in the steady 
state of operation, the armature reactions of the three phases 
taken separately have been found to be: 


F4, = uT cos 6, 
F 4 = oT COS (0 aa ry, 


4a 
F 43 = 13T cos (0 oe 3), 
where 7’ is the number of effective turns per phase and 6, 6 + =, 


Ar ee 
6+ 3 represent the angular space positions of the armature core 


with respect to the field core. Substituting the values of 7 from 
(122) the transient values of the armature reaction are: 


T Deted Ue oe yee Bre 
Fay = ==[e a Oe cose Op cost O4 = eR (Pa F508 20) ] 


z 2 
Fao = Set zoo) cos (6, + =r) cos (0 4+ “) = ene OM) 
1 + cos 2 (0 — =r) 
2 
Fas = ss eae cos (0, a =) cos (0 a8 =) See 


( “8 cos 2(8 as =) 
2 
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Adding these three equations, the total three-phase armature 


reaction is: 


MG aks (eee co = 0, a! G26; 
iy = le rd *) cos (8 — 0:) —e zo 7 var 


Problem 102.—Prove that the armature reaction of a polyphase generator 
ist 
i TA ae, = 
Fa =3 | ra *) Gos (@ — 61) —e an | (123) 


x 


Problem 103.—Plot single-phase and three-phase armature reaction 
curves for the alternator for which waves of e, 7, and p have been derived, 
and discuss their characteristic differences. 


Electromotive Force and Current Induced in the Field Windings. 
—Excessive voltage may be induced in the field windings and 
cause breakdown ie insulation. In general, the induced voltage 


is proportional to— - re It is, however, difficult to obtain a reliable 


value of the voltage owing to the fact that the flux cannot pene- 
trate uniformly into the magnet cores during the exceedingly 
short time allowed by the rapidly changing current. 

The induced field current may also be abnormally great. By 
installing a circuit breaker in the exciter circuit, the rush of cur- 
rent may cause the circuit to be opened, thus taking off the field 
current from the short-circuited alternator. 

Example.—Let the normal field excitation be 18,000 amp.- 
turns per pole, and the normal armature reaction be 9000 amp.- 
turns. If the armature reactance is 10 per cent., the maximum 
short-circuit current would be approximately seventeen times 
normal current. The armature short-circuit amp.-turns are then 
153,000. Assuming 20 per cent. leakage between armature and 
field, the effective armature reaction is 


0.8 X 153,000 = 122,000 amp.-turns on the field core. 
The field current may then attain the value of 


122,000 
18,000 


If the circuit breaker is set for twice normal current, it youl 
open the circuit. 


x normal = 6.8 X normal current. 


CHAPTER XLI 


SYNCHRONOUS MOTORS 


When the ordinary alternator is supplied with electrical energy 
and made to do mechanical work, it becomes a synchronous 
motor. The name is meant to indicate its chief characteristic, 
namely that of running in exact synchronism with the generator 
which supplies it with energy. If the frequency of the generator 
is 60 cycles per second, that of the motor—its counter e.m.f.—is 
also 60 cycles. This condition is the result of the electromag- 
netic relationship between the field and armature cores; the field 
core changes its position in space by means of mechanical rota- 
tion, the position of the magnetic field due to the armature 
magnetomotive force changes in space because of the time-phase 
relationships and alternation of the currents. The driving force 
of the motor is maintained only by the existence of a constant 
relationship between the field and armature m.m.f. The rate 
of rotation of the armature m.m.f. is fixed by the frequency of 
supply. The field has no fixed rate of rotation of its own and is 
therefore free to accept that imposed by the armature. 

The operation of the synchronous motor may be affected either 
by changing its load or by altering its field excitation. These 
may be called primary means of adjustment since they are ap- 
plicable to any motor in operation. Since, however, the speed 
cannot be changed, it becomes a matter of great interest and also 
of importance to find out what is changed, and what peculiar 
and valuable characteristics are associated with this hitherto un- 
encountered characteristic of synchronous speed. 

There are also secondary means of adjustment by which varia- 
tion in the motor performance may be brought about. These 
involve changes in the constants of the line or the motor circuit. 
Thus, in the matter of design, it is important to study the effects 
of different values of resistance and reactance of the armature. 
In operation, with a constant generator terminal e.m.f., resistance 
and reactance may be inserted or withdrawn from the line, thus 
altering the total r and x of the circuit. 

324 
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A thorough understanding of the effect of these constants is 
essential from a practical as well as a theoretical point of view. 
A motor which, for instance, operates perfectly satisfactorily on 
one line may be entirely unstable and even unable to carry its 
load or even a small fraction thereof on another line. 

It will, for instance, be evident that 
a high resistance line tends to make 
the motor unstable unless the reac- 
tance is also considerable. In synchro- 
nous motor operation a fair amount of 
line reactance is essential; in fact, the 
very ability of the motor to carry load _,y 
depends upon the presence of reactance /7~ 
in the motor circuit. Eo eee 

Let EL be the counter e.m.f. generated Fie. 241: 
in the motor. The resultant flux will 
then be 90° ahead of H. Assuming a current J, as shown in 
Fig. 241, this current produces a m.m.f. in phase with itself 
and which may be taken equal to it, by choosing a suitable 
scale. The armature m.m.f. thus produced, when 
added vectorially to the field m.m.f., will produce 
the resultant m.m.f., which gives the resultant flux 
go. oy represents the direction of the field m.m.f. 

In order to force the current through the im- 
pedance of the armature, it is necessary to have an 
e.m.f. equal to the impedance drop JZ. As shown 
in the figure, JZ is the voltage which overcomes 
the resistance and reactance of the armature. The impressed 
voltage, Hy) must be the vector sum of this JZ drop and the voltage 
— E, necessary to overcome the counter e.m.f. of the motor. 


at i geal Ze ~ B. 


Fig. 242: 


The space relations indicated by Fig. 


two-pole machine in Fig. 242. The f Fie. 243. 
vector relationship may also be con- 

sidered from a somewhat different point of view, illustrated in 
Fig. 243. Here there are two e.m.fs., BE and Ho, acting in a 


circuit of impedance Z. 
If Ey is the generator terminal e.m.f., then z is the combined 
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impedance of the line and the motor. The counter e.m.f., E, 
of the motor, is naturally in a direction to more or less oppose Eo. 
The vector sum of Ky and is E, which is the e.m.f. which 
actually overcomes the impedance z, of the circuit. The current 


ie 
I lags behind E, by an angle a, such that tan a = a 


The motor output is — HE X I cosp = P. 
This is seen to be negative thus representing power supplied 
to the machine or motor action. 
The motor input is Ho X I cos g = Po. 
The power lost in the circuit is then Py) — P = Ir. 
If a is a large angle, representing large reactance, the motor 
is more stable than if a is small. 
If a is small, the projection of J on 
E may even be positive, giving genera- 
tor power instead of motor power in 
which case the motor cannot carry me- 
chanical load. Oftentimes poorly act- 
ing synchronous motors may be greatly 
benefited by increasing the angle a by 
the insertion of self-inductance in the 
line. For a given load on the motor, 
the angle y, between the field m.m.f. 
eOLe and the resultant m.m.f. is almost con- 
stant. OF; evidently depends on both 
the amount and the phase of the current. The counter e.m.f., 
FE, on the other hand, is fairly constant for all loads. It de- 
pends on the actual resultant flux in the air gap which is fairly 
constant for all loads. For constant motor load, P = OF X OI, 
(Fig. 244) and the locus of the ends of the current vectors will 
be along the dotted line JZ). The corresponding locus of field 
flux vectors will be along FFo. If, however, the angle y is 
assumed constant the two locii will be JF, and OF;, for vary- 
ing field excitation. But this condition will correspond to a 
variable load. If OF, is great with respect to OJ—that is, if 
the angle y is small—the variation of both y and the motor 
power is small for a considerable variation of the field flux 
about the normal value. Plotting the armature current against 
the field or the field current, gives the familiar “ V-curves.” 
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As FE cannot be assumed constant, especially where r or x 
is large, the condition of constant power output cannot be 
shown by the above vector diagrams, since the power is not 
represented by a constant projection of J on the horizontal. 
Constant power input may, however, be assumed with constant 
€) impressed, and the power input is then proportional to the 
projection of I on é, Fig. 245. Moreover, constant power 
input, over a considerable range of current on both sides of the 
minimum, is approximately constant power output, since the 
difference is only I?r which is small and which may have small 
variation. It is readily possible, therefore, to calculate # for 
constant power input, since 


E = N(e — IZ cos (6 + a))? + (1Z sin (@ + a))? 
= We? — 2¢) IZ cos (0 + a) + 122? 
= Ne + [2Z2 — 2e(ri — xi’), 
and this may be determined for 


varying J, since 7 is constant and 
o> known. ‘Thus for any input, 


P; = €9t, and 7’ = A/a 


(3 
| 
| ER f 
pes 
Eo Ez 
Fia. 245. Fig. 246. 


Synchronous Motor Equations.—Assuming e, the motor 
counter e.m.f. to be the zero vector, 


i, EIA Ose Eo 
Ey = —- Eo cos B ae jE sin Be 
By using 8 the minus sign is introduced into the equation since 
the true angle is 180° + 8. 
“Iz =e — Ey cos 8 — jEo sin B. 
and 
e — Eycos B— jEosin B 
P+ 4L 
Be YL Hy? + e? — 2eHy cos B 


(124) 
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Also, 
T=i+ qv 
whence, 
. 0 = HocosB 
oe hee 9x 
= (6 cos a — Eycos (a — £)) 
Grd (125) 


= (By sin (a — 6) — esin a) 


These values are obtained by clearing the denominator of (124) 
r : & 
of imaginaries and remembering that cos a = 7 and sin a =~. 


Mechanical, or motor power P = — 7e. 
Hence the generated power Py = — ze + I?r. 
Substituting the values in (125) above, mechanical power = 


a “(Eo cos (a — B) — e cos a) (126) 


If 8 = Oand Ey = e, P = O or there is no mechanical power. 
Also when 8 = 2a, P = 0. 

To determine the maximum output (126) may be differentiated 
with respect to 8 and the result equated to zero. Thus, 


We : 
ae = = = Bysin (a — B). 


a ara: ; e ‘ 
In this, sin (a — 8) must equal zero, since Ho is not zero. 


This gives a = B. 

Hence, the power is maximum for a = 6 and is zero for B = 0 
Bliss = 2c. 

If B is negative, there is generator action, or the motor acts as 
generator. 

When £> and e are unequal, the limits of 6 are somewhat 
altered. 


Problem 104.—Given: 
Section A, Hy = 1.1,e =1 
Secwonuss. 4p .—— le er— 1 
Section C, Fy) = 0.9,e =1 

Assume the generator bus bars kept at constant voltage—not constant 
generator field excitation. The synchronous motor armature has 2 per 
cent. resistance, 10 per cent. reactance. 
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1. An overhead line connecting the machine has 8 per cent. resistance and 
“i per cent. reactance, all referred to motor. Constants will then be, r = 0.1, 

= 0.3, tan a = 3, rated power = 1.0 = P. 

6, An underground cable connecting the machine has a high resistance 
ie 18 per cent. and has negligible reactance. The constants will then be 

= 0.2, x = 0.1. Find for the two cases, power output, total current, and 

See factor of the generator, and plot against 6 (Fig. 246). 

3. Find the maximum output, for variable 7, with (a) « = 0.1 (6) = 0.2 
and plot. 

[(From Eq. 126, 


Pinar Gad 


NSD 


(Ey — e cos a)| 


Solution of the first case. Section A. 


Ey = 1.1; £ =1:r = 0.02 + 0.08'= 0.1 
0.3 ° 
z = 0.10 + 0.20 = 0.30; tana = 9) = 3; a = 72%: 
E 
Mech. power, P = Z [Ey cos (a — 8) — E cos a] watts 
ree E 

= V0.3? + 0.17 = 0.316; % = 3.16; H cos « = 0.309. 
Bo 0 5 10 20 30 40 50 60 a 
a—A 72.0 |67.0 6220185280) 4/4250) 132..000)2220 2-0 0.0 
Cos (a — B) 0.309; 0.391 | 0.469) 0.616] 0.743} 0.848) 0.927) 0.978) 1.0 
Eo cos (a — B) 0.34 | 0.43 0.516] 0.677} 0.818] 0.933] 1.02 | 1.075] 1.1 

— Ecosa 0.031} 0.121 | 0.207) 0.368} 0.509} 0.624) 0.711) 0.766} 0.791 

B 0.098) 0: 383 | 0.655) 1.16 | 1.61 |-159% | 2.25 | 2.42 | 2.5 


1 
Current = I = > / Eo? + E? — 2EEy cosB 
1 


= 3.16; Ho? = 1.21; 2EEo = 2.2 


Cos 8 
2HE> cos B 

Eo? + E2— 2EEo cosé 

Eo? + E2— 2EHE» cosps 

if 


0.5 0.309 
1.415 ihe t 0.68 
ORTON el O38 
0.89 | 1.05 | 1.24 
2.82 | 3.32 | 3.92 


P+Ir gen. power 


Power factor = 


TNE Lol 
Ir 0.01 Protea 0.045 0.144 0.795) 1.1 1.54 
Gen. power 0.108) 0.403 | Ord 1.304 3.045) 3.52 | 4.04 
Eol 0.348) 0.49 0.737| 1.32 Biel! | 3.66 | 4.31 
Pats 0.31 0.947 0.9 | 0.963} 0.937 
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Section B. Hy =1 
P = 3.16[cos (a — 8B) — 0.309] 


B° | 0 | 5 10 20 | 30 40 50 60 | ae? 
Cos (@ — B) 0.309} 0.391 | 0.469) 0.616) 0.743 0.818 0.927) 0.978] 1.0 
Cos (a — B) — 0.309) 0.0 0.082 | 0.160} 0.307| 0.434) 0.539) 0.618) 0.669) 0.691 
uz 0.0 05259) 02505) OSO7 sino lec 0 | 1.95 | 2.10 ) 2.18 
I = 3.16 1/2 — 2 cosp 
2 cos B 2.0. [42902 (12071 Basa a7s2 1.532) 1.286 1.0 | 0.618 
2 — 2 cosB 0.0 0.008 | 0.03 | 0.12 | 0.268 0.468) 0.714! 1.0 1.382 
V/2 — 2 cos B 0.0 | 0.0893) 0.173] 0.346) 0.518] 0.684) 0.845] 1.0 | 1.175 
if 0.0 0.282 | 0.547 1-004 1.638 2.16 | 2.67 | 8.16 | 3.71 
Power factor = rtour 


0.1I? 0.03 | 0.12 8) 0.714) 1.0 


P + 0.122 ; 0.535} 1.09 2.664| 3.11 | 3.56 
PLB ae Teens cate 0.978] 0.995 0.998} 0.984] 0.96 
Section C. EH) = 0.9 
P = 3.16 [0.9 cos (a — B) — 0.309] 
p° | 0 | 5 | 10 20 30 40 50 60 | a 
0.9 cos (a — B) 0.278) 0.352 | 0.422) 0.555) 0.669] 0.763 er 0.88 | 0.9 
0.9 cos (a — 8) —0.309| —0.031| 0.043 | 0.113] 0.246] 0.36 | 0.454| 0.526 0.571| 0.591 


e —0.098] 0.136 | 0.357) 0.777) 1.138] 1.435 1.862 1.805) 1.87 


I = 3.16 V/1.81 — 1.8 cos B 


792 L.772| 1.691) 1.56 


1.8 cos 8 1.8 1 1.38 | 1.158) 0.9 0.556 
1.81 — 18 cos 6 0.01 | 0.018 |} 0.038! 0.119] 0.25 | 0.43 | 0.652! 0.91 | 1.254 
V1.81 — 1.8 cos B 0.1 0.134 | 0.195) 0.345) 0.5 0.655) 0.807} 0.954) 1.12 

I 0.316) 0.423 | 0.616] 1.09 | 1.58 | 2.07 | 2.55 | 3.015] 3.54 


apes 
0.91 


P= 


0.172 .0179| 0.038} 0.119] O. 1.254 
ct Ont - 1539] 0.395] 0.896) 1.388 3.124 
P.F. 0.712) 0.913] 0.975 0.98 
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2nd Case. Section A. 
Eo =1.1,e =1,7r = 0.2, = 0.1, tana = os = 0.5, a = 26° 36’ 


Z = V/0.04 + 0.01 = 0.2236, = = 4.47, ecos a = 0.8942 


Pos : [Eo cos (a — 8) — ecos a] = 4.47[1.1 cos (a — 8) — 0.8942]. 


po 0 2.5 5 10 15 20 a 

a—B 26.6 24.1 21.6 16.6 11.6 6.6 (0.0 

Cos (a — 8) 0.8942) 0.9128) 0.9298) 0.9584) 0.9796) 0.9934/1.0 

Eo cos (a — B) 0.984 | 1.004 | 1.022} 1.055] 1.078 1.093 |1.1 
ol 0.0898} 0.1099} 0.1278) 0.1608) 0.1838]  0.1988'0.2058 

P 0.401 | 0.490 | 0.571 | 0.719 | 0.822 0.889 |0.92 


i : ee ee a 
T= e V/ Bo? + e2 — 2eEo cos B = 4.47 /2.21 — 2.2 cos B 


Cos B 1.0 | 0.999 0.9962] 0.9848! 0.9650| 0.9397 |0.8942 

2.2 cos B 2.2 2.198 2.192 2.165 2.126 2.067, |1.967 
2.21 — 2.2 cos 6 0.01 0.012 0.018 0.045 0.084 0.143 |0.243 
V/2.21 — 2.2 cos B Ome 0.1093) 0.134 0.212 0.29 0.378 |0.493 
if 0.447 0.489 | 0.599 0.948 | 1.297 1.69 2.204 


P4+Iy P+02I 
Pipeeraia a, = ee ees 


Lol iL aly 


P.F. | 0.897 | 1.00 0.978 | 0.861 | 0.811 | 0.785 |0.781 
2nd Case. Section B. 
Ey = 1; P = 4.47[cos (a — 8) — 0.8942] 
Bo 0 2.5 | 5 | 10 | 15 | 20 fod 
Cos (a — B) 0.8942} 0.9128) 0.9298} 0.9584) 0.9796} 0.9934 |1.0 
[ ] 0.0 0.0186! 0.0356) 0.0642} 0.0854) 0.0992 |0.1058 
ve 0.0 


0, 02 pose 0.287 0.382 0.443 |0.473 


4470/2 — 2 cos 8 


NN 
ll 


2 cos B 
2 —2cosB 


2 1.9924 1.9696) 1.9318} 1.8794 |1.7884 
0 

V/2 — 2 cosB | 0. 
0 


0.0304) 0.0682) 0.1206 |0.2116 
0.0871; 0.174 0.261 0.347 (0.46 
0.39 0.779 1.168 1.552 |2.06 


oo oF 


I 
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P + 0.272 


0.272 0.0305) 0.1216) 0.273 0.483 |0.85 
P+0.2I2 j 0.1897) 0.4086) 0.655 0.926 {1.323 
Se es le Ee ae 0.485 0.525 0.561 0.597 Ce 
2nd Case. Section C. 
E, = 0.9; P = 4.47(0.9 cos (a — 8) — 0.8942] 
pe 0 2.5 5 10 15 20 a 
0.9 cos (a — B) 0.805 0.822 0.836 0.863 0.882 0.894 (0.9 
[ ] —0.0892) —0.0722|) —0.0582| —0.0312| —0.0122)—0.0002 |0.0058 
ie —0.4 —0.323 |—0.26 |—0.1395|—0.0545| —0.00894/0.026 


I = 4.47+/1.81 — 1.8 cos B 


74 1.692 |1.61 


1.8 cos B 1.8 1.798 1.793 1.772 ye 
1.81 — 1.8 cos ps 0.01 0.012 0.017 0.038 0.07 .0.118 {0.20 
V 1.81 — 1.8 cosB 0.1 0.1098; 0.1303} 0.1947) 0.2645) 0.3435 |0.447 
I 0.447 0.489 0.583 0.871 1.183 1.535 /|2.0 


IP ae ete 
0.9I 


P.F. = 


0.048 | 0.068 


0.2I2 0.04 | 0.8 
P +0 2/7? —=0736 9 —O0270 |—0.102 0.826 
0.9T 0.4025} 0.44 0.525 785 | 1.8 
P.F. —0.894 |—0.625 | 0.4 


ee be) 


3d Case. Section A. #p = 1.1. 


e 1 
Max. mech. power = Pn = a [Eo — e cos a] = 5 [1.1 — cos a] 
(1) = 0.1; r = variable 

r 0.025 0.05 0.1 0.2 0.3 0.4 0.6 
z 0.103 | 0.1118} 0.141 |} 0.223 | 0.316 | 0.412 |0.608 
Cos a 0.2425) 0.447 0.707 0.897 0.95 0.972 |0.987 
1.1 — cosa 0.8575) 0.653 | 0.392 | 0.203} 0.15 0.128 |0.113 
fee 8.32 5.85 2.78 0.91 0.475 0.311 |0.186 
| | |e | ce (ee 

(2) « = 0.2 

ee 
z 0.2015} 0.206 | 0.223] 0.273] 0.36 0.447 |0.632 

Cos a 0.124 | 0.2426] 0.448 | 0.733 | 0.833 | 0.895 |0.95 

1.1 — cosa 0.976 0.8574, 0.652 0.367 | 0.267 0.205 (0.15 
Pn 4.85 4.16 2.925 | 1.345] 0.741 | 0.458 |0.2375 
a Se ey 
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{ 


3d Case. Section B. Hy = 1. 


i 
(1) « = 0.1; P,, = — (1 — cos a) 
Zz 


3d Case. Section C. Hy = 0.9 


Qe = 01 
0.9 — cos a 0.6575| 0.453 0.193 | 0.003 —0.05 | —0.072|—0.087 
‘ee 6.38 4.05 1.365 | 0.01346] —0.158) —0.175| —0.143 
(2) « = 0.2 
0.9 — cos @ 0.776 0.6574 0.452 | 0.167 0.067 0.005 |—0.05 
Pin 3.85 3.19 2.015 | 0.611 0.1862 | 0.0112 |—0.0791 


Figs. 247, 248 and 249 show the curves plotted for the three cases of the 
problem. 


Power, Current and Power Factor (x 4) 


Fie. 247. 
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It is to be noted that the angle 8, representing phase relation- 
ship of Ey and E, is used as the independent variable, for con- 
venience only. The real independent variable in the first and 
second cases of the problem is power. It is not so convenient 
to choose power for this calculation because its choice depends 
upon the angle 6; moreover, there would be little interest in mak- 
ing B the object of the calculation. The values obtained in the 


calculations permit of the plotting of other interesting curves, 
for example, the performance curves of current and power factor 
against the power. 


Problem 105.—From the values obtained, plot and discuss the curves of 
current and power factor against the power for the three cases of constant 
impressed voltage and constant induced voltage. 

Problem 106.—Show, from a study of the curves already obtained, that 
when a synchronous motor refuses to operate satisfactorily under load the 
remedy for the trouble may be found either in decreasing the resistance 
(increasing the copper cross-section) or in increasing the reactance. 


The practical difficulty of looking at the motor from the point of 
view of these problems is that the induced voltage, HZ, is not 
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readily maintained constant. EH depends upon F,, the resul- 
tant magnetomotive force, or, more strictly, upon the resultant 
flux produced by F,, whereas only the total field excitation F; is 
under external control. 

The practical problem, therefore, is to vary F’; under the condi- 
tion of constant load, or its converse, to vary the load with 


Maximum Mechanical Power 


Resistance 


Fia. 249. 


constant F;. In such cases FH will also vary, and its value may be 
determined by calculation. Curves plotted between the current 
input, 7, and either HZ or F;, the power of the motor being con- 
stant, are called phase characteristics. In Fig. 250 is shown the 
vector diagram of the synchronous motor drawn to show the cur- 
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rent, I, as the zero vector. The power factor is indicated by the 
phase angle, 6, between Hy) and I. As previously obtained, 
EH =tz-— Ey 
u(r + jx) — Eo cos 6 — jEp sin 6 
ir — Ey cos 6 + j(ix — Ep sin 4) 


ll 


and 
Ko= WV (ir — Ey cos 5)? + (ix — Eo sin 4)? 
When 6 is positive, the current lags. 
a ° To find cos 6 and sin 6: Remembering 
that all values are per phase, the me- 
Sate chanical power is: 
iE 
Fig. 250. P = elec. power — [?r = Eyl 


cos 6 — I’r (127) 


But P, Hy and r are all known, being given or assumed. 
Therefore, solving, 

P+Ir 
Eol 


cos 6 = 


and 


sin 6 = V1 — cos? 6. 


It is then necessary merely to assume values of J. Evidently, 
for constant power, J will be minimum when cos 6 = 1. Hence, 
from (127), 


Hone | owen 
ON, Ar? ip 


W be = 


Assuming now values of J, beginning with Imjn,, cos 6 and sin 
6, and finally EH, may be obtained and tabulated for each value 
chosen. 

As 6 may be either plus or minus, both values must be taken. 

Under the conditions of test, ZH is not known, but the values 
of the field excitation or the field current which is proportional 
to it are known. Having just obtained E by calculation, the 
field excitation, F's, is next determined as was done for the case 
of the generator (page 225). In this case, Z terminal was the 
zero vector, and F; was found to be 


Fy, = V(— BC — mi)? + (aC — mis)? 
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where 
a@a=et+ur—ity 
b = 1x +r 
F, ; 
C= ae 1 (for convenience) 
ie 5 
he Big re 0.5 (for convenience). 


Problem 107.—Determine and plot the phase characteristics for the 
motor problem for the three conditions: 


A. Eo = 1.1 
B. Eo =a i 


when 
J? Si pe Oil, = OR: 


Solution.—The curve between e and J is first obtained from the equation 


E = V/ (ir — Ey cos 8)? + (Iz — Eosin 8)? 


by substituting values of J, for which sin 6 and cos 6 can be determined, and 
solving for HE. 

This curve, E vs. J, is plotted. 

Next, the field excitation is obtained from equation 


F, = V(— bC — mi)? + (aC = mix)? 


or, more simply, 


Py = V (= mi)? + (CE = min)%, 
since we deal directly with induced e.m.f. as the zero vector, and not with 
the terminal voltage and JZ drops. The curve F; vs. J is then plotted. 
The data given are: 
Jy = (CN) Ih, (C8) 1, CC) 0, PP Si, pest js; C = il 
m = 0.5, ¢ = I cos 4, 1; = I sin 6. 
To get minimum current, cos 6 = 1, sin 6 = 0. 


Be Byeeeree ll 2129 sat 
(A) Imin. = 9, — Var? — > = 0.27 W004 ~ 01 
SPR BA 808 10 S18. oe 
1 1 
(B) Imin. = 55 — Yoog ~ 10 = 5 — 3.87 = 1.13. 
0.9 0.81 
(C) Imin. = 95 — (oles 10 A 4.5 — 3.24 = 1.3 
2 os SE 
Also, cos 6 = SEES eee ;sin 6 = 4/1 — cos? 5 
. a oe 
1 O17?) 0, 
(A) cos 6 = Lit + Til + 0.09097 
(B) cos 6 = ; + 0.17 


(C) cos 6 = tat + 0.1117. 


22 
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Tabulating, Case (A): 
I AKO) [itil be 1.5 128 2.5 4.0 
Ir Ost 10.11 8 10:13 e5 OM 5A Oat Sin One D eemn Oe. 
Ix (pe ioesey OME) Ort Oat, Oe he 
=- 0.909 (0 826 (0.7 0.605 |0.505 |0.363 |0.227 
0.909T 0.0909/0.1 0.1181 |0.1363 |0.1637 |0.2272 0.3633 
Cos 5 1.0 |0.926 |0.8181 |0.7413 |0.6687 |0.5902 |0.5903 
Sin 6 0.0 +0.374| +0.574| +0.67 | 40.744] +0.805| +0.805 
Ep cos 5 Dalen te O2eORD 0.815 |0.735 |0.65 |0.65 
Eo sin 6 0.0 +0 411] 0.631) +0.737| 40.818} +0.885| +0.885 
Ir — Eo cos 6 —1.0 |—0.91 |—0.77 |—0.665|—0.555/—0.4 |—0.25 
(Ir — Eo cos 8)? [1.0 |0.83 |0.593 |0.442 |0.308 |0.16 /|0.0625 
Ix — Eosiné |0.3 |—0.081|/—0.241|—0.287|—0.278]—0.135/+0.315|Where FE 
isin 6 is+ 
(Iz — Eo sin 6)? (0.09 |0.00657/0.0581 |0.0875 |0.0773 |0.01825)/0.0994 
BE? 1.09 |0.83657/0.6511 0.5245 0.3853 |0.17825/0.1619 
E 1.042 |0.914 |0.807 |0.724 (0.62 |0.422 |0.402 | Lagging 
current. 
Ix —Eosinéd |0.3 |0.741 |1.021 [1.187 |1.358 |1.635 |2.005 |Where Eo 
sin 6 is —. 
(Iz — Eosin 6)? |0.09 |0.55 1.045 |1.412 |1.845 |2.68 |4.02 
EB? 1.09 |1.38 |1.638 1.854 |2.153 |2.84 |4.0825 
E 1.042 |1.172 |1.278 |1.36 [1.466 |1.681 |2.02 Leading 
current. 
i 1.0 [1.02 1.064 |1.113 |1.204 |1.478 |2.362 
i 0.0 +0.411] +0.745| +1.005) +1.34 | +2.013] +3.22 
mi 0.5 |0.51 |0.532 |0.556 |0.602 |0.739 {1.181 
— mi)? 0.25 |0.26 0.284 |0.31 0.363 |0.547 |1.4 
mir 0.0 +0.205) +0.372| +0.502) +0.67 |+1.006 +1.61 
(CE — mii) 1.042 |0.709 |0.435 |0.222 |/—0.05 |—0.584|/—1.208| Lagging. 
(CE — mii)? 1.09 |0.503 |0.19 |0.0494 |0.0025 |0.341 |1.46 Lagging. 
(CE — mia) 11.042 |1.377 [1.650 |1.862 |2.136 |2.687 |3.63 Leading. 
(CE — mii)? 1.09 |1.9 2.739 a 13.47 ld. S6ew Zoe Loa Leading. 
Fy2 1.34 0.763 |0.474 (0.3594 |0.3655 /0.888 2.86 Lagging. 
Fy 1.34 2516) |3.014 13.78 sla 993 te 797 ta Leading. 
Fy 1.157 |0.873 |0.688 |0.6 0.605 |0.941 /|1.69 Lagging. 
Fy 1.157 |1.47 |1.7385 /|1.94 |2.218 |2.788 |3.82 Leading. 
Case B: 
ik ae ao: 1.4 Te il Dake 4.0 
Ir 0.113/ 0.12 0.14 0.18 0.25 0.4 
In 0.339) 0.36 0.42 0.54 0.75 12 
; 0.885 0.833 0.714] 0.555] 0.4 0.25 
0.17 0.113) 0.12 0.14 0.18 0.25 0.4 
Cos 6 1.00 | 0.953 0.854 | 0.735] 0.65 0.65 
Ir — Eocosé |—0.887|—0.833 |—0.714 |—0.555 |-0.4 |—0.25 
(Ir— Eo cos 8)? 0.788) 0.695 0.51 0.308 | 0.16 0.0625 
Sin 6 0.0 |+0.303 |+0.520 | +0.678 |+0.760 | +0.760 . 
Ix — Eosin 5 0.339) 0.057 |—0.10 |—0.138 |—0.01 0.44 |Where sin 5 
is +. 
(Iz — Eo sin 8)? | 0.115) 0.00325] 0.01 0.0191} 0.0001} 0.194 
ER? 0.903} 0.69825) 0.52 0.3271] 0.1601} 0.2565 
E 0.95 835 0.72 0.572) 0.40 0.5065} Lagging 
Te— Ho sind cs snl s 0.663 0.94 TPA TER 1.96 |Where 6 is 


—. EL 
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Case B:—(Continued) 
(ek ME osines)2s laces 0.44 0.887 1.488 2.285 3.85 
UTS 9 So A. SE pein s 1.135 1.397 1.796 2.445 3.9125 
Emin rae 4 1.064 LS 1.34 1.56 1.977 | Leading. 
a 1 3 1.145 1.196 1.324 1.625 2.6 
mi 0.565) 0.5725 0.598 0.662 OrSi25)) 123 
(— mi)? 0.32 0.328 0.359 0.44 0.66 1.69 
a 0.0 |+0.3635 |+0.728 |+1.22 |+41.9 +3.04 
mit 0.0 |+0.18175)+0.364 |+0.61 |+0.95 | +1.52 
CE — mii 0.95 0.653 0.356 |—0.038 |—0.55 |—1.014 | Lagging. 
(CE — mii)? 0.903} 0.426 0.127 |0.001445) 0.303 1.03 
Fy? . 1.223) 0.754 0.486 0.441 0.963 2.72 
Fy 1.105) 0.868 0.697 0.664 0.981 1.648 Lagging. 
CH Sng Side 1.246 1.544 1.95 D5 3.50 Leading. 
(CBE art) 25) ev ate aoe co 1.558 2.39 3.8 6.3 1220 
tA Re lee | Sener ene 1.886 2.749 4.24 6.96 | 13.94 
DY ae eee 17373 1.657 2,057 2.64 3.73 Leading. 
Case C: 
I 1.3 1.35 1.5 1.8 2.5 4.0 
Ir Ors 0.135 0.15 0.18 0.25 0.4 
Ix 0.39 0.405 0.45 0.54 0.75 1.2 
= 0.854 0.823 0.74 0.617 0.444 O27:75) 
0.1117 0.1444) 0.15 0.1665) 0.2 0.2775) 0.444 
Cos 6 1.0 0.973 0.9065| 0.817 0.7215) 0.7215 
Eo cos 6 0.9 0.876 0.816 0.735 0.65 0.65 
Ir — Ey cos 6 |—0.77 |—0.741 |—0.666 |—0.555 |—0.4 —0.25 
(Ir — Eo cos 5)? 0.593 0.55 0.445 | 0.308 0.16 0.0625 
Sin 6 0.0 +0.2306 | +0.4222) +0.5767 | +0.6925) +0.6925 
Eo sin 6 0.0 +0.2078 |+0.38 |+40.519 |+0.623 | +0.623 
Izx— Eo sin 6 0.39 0.1972 0.07 0.021 0.127 0.577 | Where sin 
dis +. 
(Ix — Eo sin 6)? OR1S2 0.039 0.0049} 0.00044) 0.0161) 0.333 
E? 0.745 0.589 0.4499] 0.30844) 0.1761) 0.3955 
E 0.8625) 0.767 0.67 0.555 0.419 0.629 Lagging. 
Tee —P Hospim 0) iets eile 0.6128 0.83 1.059 1.373 1.823 |Where sin 
dis —. 
(Iz — Eo sin 6)?|........ 0.376 0.69 1.12 1.89 3.33 
DOP bette eae rey 0.926 1.135 1.428 2.05 8.3925 
Oh NEE itt 0.961 1.065 1.193 1.43 1.84 Leading. 
7 iis: 12315 1.36 1.472 1.805 2.89 
mi 0.65 0.6575 0.68 0.736 0.9025) 1.445 
(— mi)? 0.423 0.4325 0.463 0.542 0.815 2.09 
as 0.0 +0.3115 | 0.633 |+1.039 |+1.73 |+2.77 
mit 0.0 +0.15575| +0.3165) +0.5195 | +0.865 | +1.385 
CE — mi 0.8625} 0.6113 0.3535} 0.0355 |—0.446 |—0.756 | Lagging. 
(CE — mi)? 0.745 0.375 0.125 0.00126; 0.199 0.572 
Fy? 1.168 0.8075 0.588 0.54326) 1.014 2.662 
Fy 1.08 0.898 0.766 0.736 1.007 1.63 Lagging. 
(Hike Tose Mine oa 6 gala 1.382 1.7125 2.295 3.225 | Leading. 
(GE sare) Sia settee eho 11525 1.915 2.945 5.29 10.4 
EYE a acs foes acs 1.6825 2.378 3.487 6.105 | 12.49 
Efe lictetoteners & 1.297 1.54 1.865 2.472 3.535 | Leading. 
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Armature Current, J 
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Field Excitation, Fy 
Fie. 252. 
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Phase characteristic curves are shown in Figs. 251 and 252 for 
the three cases considered. 


It is also of interest to see how the phase characteristic is 
affected by a change in the amount of the motor load. Ac- 
cordingly curves are drawn for the second case (Ho = 1), under 


3. 
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Phase Characteristics 
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Armature Current, I 


_ 
So 
if 


0.5 IL 


| 
\ 
\ 
0 0.2 0.4 0.6 0.8 1.0 12 1.4 1.6 1.8 
Induced E.M.F,, LE 
Fie. 253. , 


the three conditions P = 1,P = 0.5,P = 0. These are shown in 
Fig. 253. These curves are sometimes called V-curves. As the © 
friction loss is included in the load, the condition P = 0 can never 
be attained. In practice, the curve obtained with the motor 
running light approximates to this, however. The dotted line 
gives the locus of the minimum current points which is also the 
current at unity power factor. 


CHAPTER XLII 


INDUCTION MOTORS 


The production of torque, and the consequent operation, of 
direct-current motors is readily understood since the condition 
of wires carrying current placed in a field at right angles to the 
direction of the lines of force is quite apparent in both the shunt 
and the series types. 

If alternating current is supplied to the terminals of a direct- 
current series motor, the motor might reasonably be expected 
to run. In such a ease the current is the same in both the field 
and the armature coils and since the flux is in time-phase with 
the current which produces it, the condition for the production 
of torque is satisfied. Moreover, since the alternation of the 
flux and the current is simultaneous, the direction of the torque 
is not changed though it pulsates in value. Such a motor would 
have a low power factor, due to its great inductance, and low 
efficiency due to its great copper and core losses, the latter being 
excessive with unlaminated field structure. 

When alternating current is supplied to a shunt motor, the 
condition for operation is not so well met. In this case, the cur- 
rents in the armature and the field coils will no longer be in time- 
phase with each other. The current in the field coils will lag by 
nearly 90 time degrees behind the voltage, while that in the 
armature will have only a slight time lag. This difficulty might 
be obviated theoretically by placing a suitable condenser in 
series in the field circuit. Practically, however, such a condenser 
would be too large and expensive to warrant its use. 

The question then naturally arises: Why not excite the field 
from the other phase of a two-phase supply? The trouble with 
such a solution, assuming that a two-phase supply is available, is 
that one-phase would be loaded with a wattless current; moreover, 
the armature reaction and the torque would be pulsating. 

A natural suggestion might be to run two motors so as to 
balance the phases. 

The next step in the development of the alternating-current 
motor would be to omit the commutator, applying the well-known 
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principle of the production of currents by induction, as is done 
in the transformer. In this case the field winding acts as the 
primary, and the armature winding as the secondary coil. 
Currents induced in the armature would have directions as shown 
by the crosses and dots in Fig. 254. 

This arrangement would give no resultant torque, the torque 
due to the upper conductors being equal and opposite to that 
due to the lower conductors. 

Therefore another set of poles (shown dotted) should be intro- 
duced in space quadrature to the original poles, and the flux due 
to these new poles should be in time-phase with the armature 
current. 

This means a quadrature relationship in both time and space 
between the two sets of poles, exactly as is the case of a two-phase 


system. The resultant flux acting on the armature forms the 
well-known rotary magnetic field. 

The Rotary Field.—The production of the rotary magnetic field 
may be considered as due to the currents in two sets of coils as 
shown in Fig. 255 (a). The current in phase A sets up an alternat- 
ing flux through the armature in the horizontal direction, while 
that of phase B sets up a similar flux in the vertical direction. 
These fluxes have the space relationship shown in Fig. 255 (6). 

The time relationship of the fluxes is shown by their equations. 
Thus 

ba = By sin wt 
op =D, suL (@ta—' 90) 

The resultant flux at any instant will then be composed of a 
horizontal component having the value of ¢4 at that instant, 
and a vertical component ¢g at the same instant. This may be 
expressed as 


bd = 4 + JoB = Pm (sin wt — j COS wt) 
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Tabulating: 


| 
(wt) 0 30 | 60 ha 120 | 150 180 
| 


Sin wt 0 0.5 0.866 1 


=0.5 
eee + j0.5)0.5 + 70.866 


These vectors are shown plotted through 360° in Fig. 256. 

Thus, the locus of the ends of the resultant flux vectors is a 
circle of radius ©®,,, and the speed of rotation of the flux is f, 
the frequency of the alternating current. 

Problem 108.—In a similar manner, show the relationship of the fluxes 
in a three-phase armature, and prove that the resultant flux is a uniformly 
rotating vector of magnitude 1.5@,. 

Considering, now, that such a rotating flux 
will be cutting the conductors of the arma- 
ture; if the latter is short-circuited it is evi- 
dent that very large currents would be induced 
in it. As the speed of the armature in- 
creases, the rate of cutting of its conductors 
by the flux decreases, with a consequent 

Fig. 256. decrease of induced e.m.f. and current. If 

the armature were to run at synchronous 

speed, no current would be set up in its conductors, and hence 
there could be no torque. 

Theory of Operation.—Assuming a 1:1 ratio of turns of the 
two windings, as was done in the case of transformers. 


Woz 
0 On. 


Ioxo 


ET Geo « 


Case 1. Armature at Standstill——Let an electromotive force 
be impressed upon the primary, or field, winding so as to cause 
the current Joo to flow. This current sets up a flux, ¢, which 
induces electromotive forces, EH; in both windings. Since the 
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secondary, or armature, is short-circuited, the current J, flows, 
so that #; is used up in overcoming the resistance, ri, and the 
reactance, [,x,, of the secondary. 

The primary current J) as in the transformer, must be 
the vector sum of Io, the exciting current, and — J, the load 
component. 

The impressed e.m.f. Hy is, likewise, the sum of the I)Z> drop 
and — H;, that which is supplied to overcome the induced e.m.f. 
in the primary. Primary and secondary phase angles are given 
by 99 and 6;, respectively (Fig. 257). 


Ip %o 


Fie. 258. 


Case 2. Armature at about Halt-speed.—With the same im- 
pressed e.m.f., Ho, the vector diagram for half-speed becomes 
altered, due to the reduced H; in the secondary and the reduced . 
secondary reactance. Assuming constant secondary inductance, 
Ly, the secondary reactance, 2, = 2zf,Li, is directly proportional 
to the difference in speed between the rotary field and the arma- 
ture. This difference in speed, expressed in per cent. of synchro- 
nous speed, is called the “‘slip”’ of the motor, and is denoted by 
s. Thus, at standstill s = 1, and x = 2; at half-speed, s = 0.5 
and « = 0.52,. For any speed, 1 — s, x = sa. 

As the speed increases, therefore, the secondary reactance 
becomes less important, 6; decreases, and the value of J; is 
governed to a greater extent by the secondary resistance. 

Since EH; decreases in the secondary, J; also tends to decrease, 
this tendency being counteracted in part, however, by the re- 
duction in reactance. The primary current, Jo and the [oz 
drop are reduced nearly in proportion to I;. Ho being constant, 
the voltage ( — E;) is somewhat increased since — E; = Ey - 


Izo. Therefore I 99 18 increased, and likewise the flux od. 
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The entire induction motor circuit may be represented by an 
“equivalent circuit,’ as was done with the transformer, page 178, 
in which, however, the slip, s, enters as a factor with reference to 
both the secondary reactance and the load. This diagram, 
Fig. 259, refers to one phase only. Ep is phase voltage, and 
I,2R is the nth part of the motor load, where 7 is the number of 
phases. The magnitudes of the various quantities are readily 
apparent from an inspection of the “‘equivalent circuit’ diagram, 
whatever may be the load placed upon the motor. 


R-(4-1) ry, 


IDrke, DAME. 


Referring to the vector diagrams, Figs. 257 and 258, or to the 
“equivalent circuit’? diagram, Fig. 259. 


Let 
Tn = magnetizing current, 
I, = core-loss current, 
Zo = To + j Lo = primary impedance, 
Z, = 7, + j sv; = secondary impedance. 
Then 
Ti, it na 
LS eels Ho conductance of exciting circuit, 
v 
and 
en ae ate 
boo ee susceptance of exciting circuit, 
4 
where 


é; = primary induced e.m.f. 


and I, is a positive quantity so that boo is always negative, 
these quantities being all taken per phase. 
Also, 


s = slip. 


At standstill, s = 1; at synchronous speed, s = 0; at normal 
full-load, s is usually about 0.02 in per cent. of synchronous 
speed. 

Then, 

se; = secondary induced e.m.f. 
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Let e;be chosen zero vector. Secondary current may be written 


Se; 
i, = ——— =e;(a ia 
; ry + jsxy Al Loe dj 2) 
where 
ny sry 
VS So a 
132 + S791- 
and 
. SeDA 
YS SS ro yp 
Gite Seis 


The exciting current is 
Loo = €:Y oo = €:(Joo ae Jdoo) 


The primary current is 


Po Lots 


€;(A1 = Gh SF J(ae = boo)). 
€:(b1 + jb). 
The e.m.f. consumed by the primary impedance is Io% = 
ei(b1 + jbe) (79 + ja) and the impressed voltage is 
Ey = e+ Leo = e; + e(b1 + jbe) (To + 720) 
= e| (1 + biro — bexo) he J(bixo =F boro) | 
= €(C1 + Je) 
Ey = eV cx? + ce? 
. Ey 


ao 2 
Ne = Es Nie a ae 


Cr 4G" 


ie = EG ae ar b2? 


Cis Coe 


The torque, in any motor, is proportional to the current and 
the flux in time-phase therewith. 

If J, is the secondary current due to a certain phase of the pri- 
mary, whose induced e.m.f. is e;, then the power component of 
I, has been shown to be ea. 

—jI, is evidently the secondary current due to a primary phase 
which is 90° in space and time behind the former. The induced 
e.m.f. of this phase is, of course, —je; and the flux causing the 
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e.m.f. is 90° in time ahead of the e.m.f. Thus the flux which 
reacts on the power component of the original secondary current 
is proportioned to j (—je:) = ke. 

.. The torque is keeia; = ke;?ay. 

Torque is often expressed in “synchronous watts,” a term 
which means the number of watts which would be required to give 
the torque if the motor were running at synchronous speed. 
k, then becomes 1, and 


” 


T =e;?a, synchronous watts per phase. 


The horsepower per phase is 
e;” ay 2rRN X |b. 


BD AD HAS S7ag is ©3300 
where 
Neate nee 120 X frequency 
poles 
and R = radius of the rotor in feet. 
Thus torque per phase is 
T/phase = 0.059 e;?a1 X aii , {t.-lb. 
requency 


For a three-phase machine 
T = 3 X torque per phase = 0.177 e:?a; X 7 
Since e;2a,, as “‘synchronous watts’’ is the output! of the motor 
at synchronous speed, then at any other speed the output, which 
includes friction would be 
IP. = e7a,(1 ae s). 
The power input obtained by ‘‘telescoping’” the vectors E> 
and [9 is, per phase, 
Po = e:*(¢1b1 + Cabs). 
E°? 
= ge? 4 on icrbn + C2b2). 
If fo = friction per phase, the efficiency is 
_ output — Pn = fo 
POV itocke Ges SS 


Power factor is 


Eolo 
‘The mechanical power in any type of motor is the product of the e.m.f., 
induced by rotation and the armature current in phase with that e.m.f. 
At stand still @roration = es (1 — 8s) = 0 
at synchronous speed e, = e; (1 — s) = & 
Thus ¢, = e (1 — s) ...mech. power = & (1 — 8) e& a1 = ea, (1— 8). 
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Apparent efficiency is 
jee or ie 
Ey Io 

The total output, neglecting friction, is approximately, 
3 Eo?a,(1—s) 

i oe 

To find the maximum output, this quantity may be differen- 
tiated and equated to zero. The process is tedious, but by 


neglecting certain small quantities which appear, the result may 
be shown as approximately, 


3X 67ai(1— s) = 


1.5E (2 
WAX eh a7, 
where 
r=f+nr 
and 


Z= WV (to+ 71)? + (ao + 21)? 
If there are p phases 
ee 20 
~ 2(r+Z) 

From the equations just derived it is possible to construct the 
performance curves for any motor for which the constants are 
given. These curves show the efficiency, power factor, apparent 
efficiency, slip and line current, all plotted against the output, 
usually expressed in horsepower. 

Another set of curves of great interest, particularly in respect 
to the performance of the motor at starting, consists of the speed 
and line current plotted against the torque. 

In comparing actual motors by means of performance curves 
considerable difficulty is encountered in determining relative 
merits. If the curves are put on the percentage basis, however, 
this difficulty vanishes. In order to study properly the effects of 
different variables in the motor design a number of typical cases 
are worked out on the percentage basis, as follows: 


10a: eae cay 


Problem 109.—A. Let Ho = iF To = M1 = 0.02, =m = 0.12, In = 0.3, 
T;, = 0.02, fo = 0.01 = friction loss. 
At synchronous speed, the exciting current only, exists, and Ho = &; 


approximately. 
Therefore the constants goo and boo are obtained as: 
I So, 
goo = Ei = 0.02; boo = — 7 = — 0.3. 
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B. Same constants as in A, except that the magnetizing 
current is taken as In = 0.2... boo = — 0.2. A summary of 
the tabulation is as follows: 


Slip O | 0.01 | 0.02) 0.03/0.05|0.08| 0.1 | 0.3-| 0.5 | 1.0 
Io 0.205/0.55 |0.998/1.40 |2.09 |2.77 |3.11 |3.96 |4.07 |4.15 
fl 0.0 0.46 |0.875)1.2 |1.63 |1.85 |1.82 |1.00 |0.635/0.33 

Pn —fo |0.0 |0.445)0.85 |1.16 |1.54 |1.69 |1.63 |0.69 |0.308/0.0 
Po 0.020/0.485)0.91 |1.26 |1.73 |2.03 |2.03 |1.325/0.98 |0.675 
Eff. 0.0 |0.918/0.934/0.92 ]0.89 |0.836/0.8 |0.523/0.312/0.0 

Pee 0.097/0.882/0.908/0.898/0.827|0.722/0.653/0.334/0.241/0.163 

App. eff. 0.0 |0.81 |0.85 |0.825|0.737|0.603)0: 523/0.175/0.076/0.0 


C. Same as A, except that resistance is inserted in the second- 
ary so that r; = 0.05. 


Slip 0 (ote OL03 1 OF05 (ON0Si OSL S083) Olan 120 
I 0.29 |0.36 |0.50 |0.665)1.01 |1.5 |1.79 |3.36 |3.8 [4.07 
ie 0.0 |0.184/0.362/0.532/0.85 |1.24 |1.44 |1.74 |1.34 |0.77 
Pm —fo | 0.0 |0.172/0.344/0.505)0.8 |1.12 |1.29 |1.21 |0.66 |0.0 
Po 0. 0203/0. 205/0.384/0.56 |0.881/1.33 |1.52 |1.96 |1.64 |1.11 
Eff. 0.0 |0.84 |0.895)0.902/0.8940.87 |0.845)0.612/0.405/0.0 
Paks 0.07 |0.57 |0.77 |0.842/0.8730.866)0.85 |0.588)/0.431 0.272 
App. eff. | 0.0 |0.478,0.686/0.76 |0.79 |0.75 |0.718,0.36 |0.174/0.0 


D. Same as A, except that the resistance of both windings has 
been increased so that ro = 71 = 0.05. 


Shp OM LOROI ORO OOS OOo OOS sO mie ORS aim Onan il. 0 
Io 0.29 |0.358,0.498)0.658/0.82 |1.445,1.705)3.15 3.6 |3.92 

4 0.0 |0.181)/0.355)/0.519/0.665)1.145/1.315)1.525)1.19 |0.714 
Pm —fo | 0.0 |0.17 |0.338/0.494/0.625)1.043,1.174)1.058 0.5860 .0 

Po 0.023'0.206|0.386/0.558/0.716 1.307,1.475)2.03 |1.85 {1.485 
Eff. 0.0 |0.825/0.875|0.885/0.872|/0.82 |0.8 0.52 |0.3190.0 

iP 0.0785/0.575,0.775,0.847,0.874|0.878/0.864,0.6450.511/0.379 
App. eff. | 0.0 |0.475,0.6780.75 |0.766 0.72 |0.690/0.3360.163 0.0 

eee | eee ee ee 
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E. Same as A, except that the reactance of both windings has 
been increased, so that wp = 2; = 0.18. 


Slip 0 0.01| 0.02) 0.03} 0.05} 0.08) 0.1 | 0.3 | 0.5 | 0.1 
To 0.285/0.58 0.98 |1.37 |1.86 |2.28 |2.46 |2.78 |2.82 |2.84 
ft 0.0 |0.431/0.775|1.01 |1.21 |1.153/1.057\0.45 |0.2860.144 
Pm —fo | 0.0 |0.427\0.75 |0.97 |1.14 |1.052/0.94 |0.304/0. 1330.0 
Po 0.0196'0.456)0.81 |1.06 |1.29 |1.267|1.173,0.615,0.57 |0.308 
Eff. 0.0 |0.936/0.926,0.914/0.8840.832,0.8 (0.495 0.298 0.0 
P.F. 0.069'0.7860.826,0.7740.692.0.5550.5 (0.2180.16 0.11 
App. eff 0.0 (0.736'0.765/0.708)0.61 |0.4610.4 0.1080.0470.0 


F. Same as E, except that the secondary resistance is increased 
so that r; = 0.05. 


0 “0.01 0.02 / 0.08 0.05 OF 08 Os OSs Os on eunO 

Io 0.285)0.356 |0.484/0.66 |1.016)1.4 1.64 |2.53 |2.7 |2.83 

T 0.0 |0.178 |0.354/0.506)0.795)1.04 |1.16 |0.954/0.651/0.358 
Pa—fo | 0.0 |0.1665)0.337/0.481)0.745.0.947|1.03 |0.657/0.315:0.0 

Po 0.0197|0. 1982|0.377 0.532,0.828 1.09 |1.21 |1.085]0.802.0.517 
Eff. 0.0 |0.84 |0.90 0.9060.9 (0.87 |0.85 |0.6060.393,0.0 

(Pola, 0.069 9.556 0.78 0.81 (0.815 0.778 0.7370.43 0.297 0.185 
App. eff. | 0.0 |0.47 |0.697,0.7330.734'0.677.0.628 0.26 |0.117/0.0 


G. Same as A, except that only half-voltage is impressed on 
the motor, 7.¢e., Hy) = 0.5. Hence I, = 0.15 and I, = 0.01. 


Slip 0 0.01 | 0.02} 0.03} 0.05] 0.08) 0.1 | 0.8 | 0.5 | 1.0 
Io 0.145)0.293 |0.503,0.71 1.05511.37511.56512.0 2.06 |2.085 
1B 0.0 |0.114 |0.2110.295)0.405.0.4560.45 |0.248'0.158,0.0814 
Pm —fo| 0.0 |0.103 0.197 0.276|0.375.0.41 |0.395/0.164/0.069.0.0 
Po 0.0051 0.1195,0.22110.308 0.4280. 497 0.503)/0.329)0.244/0.1655 
Eff. 0.0 (0.86 |0.89 |0.895|0.875)0.825|0.785/0.5 |0.283/0.0 
ab 0.07 |0.818 |0.878)0.869|0.81 |0.724/0.644/0.33 |0.237/0.16 
App. eff. | 0.0 |0.705 0.771 0.778 0.709 0.597 0.505 0.174 0.077 0.0 


H. The same motor under normal operation as in A. In this 
case, however, the secondary is so arranged as to permit the 
insertion of extra resistances to improve the torque while the 
motor is coming up to speed. From standstill to half-speed 
the secondary resistance is r; = 1; from half-speed to nine-tenths 
of synchronous speed, 7; = 0.5; over nine-tenths speed, 71 = 0.02. 
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This is one way of meeting the condition of starting under load. 


pi SP A Tee Ome 

Slip 
WO (OS | OO || O.5 |) O35) OZ! 1 O.2 | Oo 
Ty 1.01)/0.84 |0.67 |0.583/1.01 |0.84 |0.55 |0.36 
ip 0.848,0.698)0.536/0.45 |0.85 |0.70 |0.36 |0.184 
Pm — fo 0.0 (0.18 0.204/0.215)0.415'0.41 |0.282/0.157 
Po 0.87,0.727/0.565/0.478'0.87 |0.727/0.389/0.206 
Eff. 0.0 |0.18 |0.36 |0.45 |0.477\0.564!0.725/0.762 
Paks 0.865,0.868)/0.844/0.815,0.865,0.868/0.77 |0.57 
App. eff. 0.0 |0.162/0.32 0.38 |0.41 |0.49 |0.57 |0.45 


Performance curves are given for all cases calculated. Tig. 
260 shows for case A, efficiency, apparent efficiency, power factor, 
current and slip, all plotted against the output. The scales show 
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percentage values. Similar sets of curves are shown for the 
other cases in Figs. 261 to 266 inclusive. 

These curves illustrate the capabilities of the various motors 
under normal running conditions. 


Of equally great interest are the curves.between speed, current 
23 
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C Induction Motor Performance Curves 
Eo=1, 7o=0.02, 7,=0.05. Yp=X]=0.12, 
1p 0.02, Im=0.3. 
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Fig. 262. 
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D Induction Motor Performance Curves 
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and torque, which are characteristic of starting conditions. These 
are shown in Figs. 267, 268, and 269 for all cases except B and 
D. In these two cases the curves are very nearly the same 
as for case A. The differences may be seen by a glance at the 
tabulations. 

Vig. 267 is of special practical interest. Here torque-speed 
curves are given for a number of motors which differ only in 
the amount of their secondary resistance. There is practically 
no difference in the current curves, one curve giving the current 
for all motors. 

0.5 


0.4 


0 0.2 0.4 0.6 0.8 1.0 
Speed, and Current + 2 
Fig. 269. 


A motor may be imagined as supplied with a variable secondary 
resistance. Suppose that it starts with r,; = 1 ohm. The 
torque will be 0.85, and the current will be 0.25 X 4 = 1.00 as is 
seen from the figure. Thus, the motor starts with full-load 
torque and current. When half-speed has been attained, the 
secondary resistance is changed by some device to 7, = 0.5. 
The motor at once is changed from operation at the point, a, 
to the point, b, and the current rises from 0.6, to which it had 
fallen, back to the original value of 1.00. The motor now follows 
the second torque curve to c, then, by a change of resistance to 
r, = 0.2, it accelerates along the curve de, the current following 
curve d’e’. Another change to 7; = 0.05 causes the motor to run 


along fg, the current following f’g’, at which latter points the final 
change to r; = 0.02 is made. 
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The motor now operates on its normal running speed-torque 
curve. During all these changes the current has remained low. 
It might, however, be more desirable to utilize the variation in 
the secondary resistance to maintain a very high torque from 
starting. In such a case, the start would be made with 7, = 0.2. 
At half-speed a change to, say, 7, = 0.1 would be made. In 
this way, approximately double full-load torque could be main- 
tained during the accelerating period, the current, however, being 
correspondingly heavy. 

Example.—As a particular example to illustrate the use of the 
preceding figures, consider a three-phase, 6-pole, 60-cycle motor 
of 75 hp. and 440 volts. 

Let its constants, in percentage, be those of case A, and let 
it be required to find the following: 

1. Full-load current. 

. Starting current. 

. Starting torque. 

Impressed voltage to give normal current at starting. 

. Maximum output in horsepower. 

. Starting torque with normal current. 

. Maximum output under voltage required to give normal 
current at starting. 

(a) Motor Assumed Y-connected.—Since, in the curves, out- 
put is expressed in watts per phase, the output of the motor 
considered becomes, at full-load, 


NOOR wD 


Py — fo= 2 x 746 = 18,700 watts per phase. 


Since full-load has been taken as occurring at 2 per cent. slip, 
this occurs also at (Pn — fo) = 0.83 in Fig. 260. Therefore 
unity on the output scale is, for the machine in question, 
18,700 
0.83 

All the ordinates, except current, 7.e., efficiency, apparent effi- 
ciency, power factor, and slip, remain as in the figure, being 
correct for any size motor of the constants, in percentage, of this 


particular case. 


= 22,500. ‘This gives the output scale. 


1. Full-load current = a + apparent efficiency at full- 


V3 
= 90.3 amp. 


fie etn, 700 
EL Ta STE 
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To find the current at any other load, the reading on the 
90.3 


current curve should be multiplied by 102 ~ 88.5., where 
1.02 is the full-load current as read on the curve. 

2. Starting current is, therefore, 4.19 X 88.5 = 371 amp. per 
phase. 

3. The torque expressed in synchronous watts per phase, is 
shown in Fig. 267. Expressed in ft.-lb. at the pulley at synchro- 
nous speed the torque becomes, torque = ‘‘synchronous watts”’ 


_poles _ ta, 
<x 0.059 & number of phases X recieucaa 0.177e,7a1 j for 


three-phase motors. 

In the example, p = 6, f = 60. 

Full-load torque, at synchronous speed, is 
75 X 33,000 
2x X 1200, 

Therefore, in synchronous watts, this is, 328 = 0.177ea1 X 
One OF 


T = = 328 ft.-lb. 


328 
0.0177 
As the curve (r; = 0.02, Fig. 267) gives full-load torque = 0.856 
synchronous watts, to obtain values for the particular machine 
being considered, the torque at any point on the curve should be 


{i = Oi, = = 18,520 synchronous watts. 


ens 18,52 : 
multiplied by oa = 21,650, to give synchronous watts, or by 
328 : 
0.856 = 383 to give foot-pounds at synchronous speed. 


Starting torque is, then, 0.322 X 21,650 = 6970 synchronous 
watts, or 0.322 < 382 = 123.3 it.-lbs. 

4. Having already found the normal and starting currents, 
and since the current is proportional to the voltage, the impressed 
voltage necessary to give normal current at starting is: normal 
normal current 440 _ 90.3 
starting current’ oo /3 x nyo Peace ee 
neutral, or 107 volts between terminals. 

5. Maximum output is (Fig. 260) 1.67 watts. This corre- 
sponds to a maximum torque of 1.82 synchronous watts at 8 per 
cent. slip (Fig. 267) these values being, of course, per phase. To 
change to horsepower, this gives 

1.67 


max. hp. = 746 7 0.00224 per phase. 


phase voltage < 
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For the motor considered, 


max. output 


oD a normal output ion{ Da. 
L207 


6. Starting torque, if normal current only is allowed, is, since 
torque is proportional to (voltage)?, 
61.8)? 
= ae Ent X starting torque at normal voltage. 
= 0.0592 X 6970 = 412.5 synchronous watts, or 
= O05 S< 19 B3 = 7.3) ilo, 


7. Maximum output under impressed voltage of 61.8 volts per 
phase is equal to maximum output under normal voltage, mul- 


at 1.8) 2 
tiplied by the factor (=) = 0.0592, or maximum output at 


61.8 volts = 150 hp. X 0.0592 = 8.88 hp. 
(6) Motor Assumed A-connected.—The student may show that 
in this case the required values are: 


1. Full-load current = 90.3 amp. 
Phase current = 52.2 amp. 
Starting current = 214 amp. per phase. 
Starting torque = 123.3 ft.-lb. 
. Voltage to give normal current at starting = 107. 
Maximum output = 150 hp. 
. Starting torque, with normal current, = 7.3 ft.-lb. 
. Maximum output on 107 volts = 8.88 hp. 


NED or oo by 


Questions.—Do these answers indicate that a motor built to 
be operated Y-connected, may be reconnected A and will then 
give substantially the same performance? 

Show that if a certain motor A-connected is intended for 
operation at 100 volts, if it be reconnected Y, and poberied at 
the same voltage, the output will be reduced to 14. Discuss, 
also, the effect of this change on the power factor, maximum 
output, torque, etc. 

Show that if the impressed voltage is reduced by 10 per cent., 
the maximum output and the starting torque are reduced by 
about 20 per cent., the starting current by about 10 per cent., 
while the efficiency remains about the same and power factor is 
slightly improved at light loads. This question is very practical 
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since a motor designed for and rated at 125 volts may often be 
available for operation on a 110-volt circuit. 

Show that such operation might not always be practical on 
account of the reduction in the overload range. 

Would it be practical to operate at 10 per cent. above normal 
voltage? Show that in this case the power factor will be much 
poorer, particularly at light loads. 

Show that if the primary and secondary reactance are eaeh 
10 per cent., the starting current will be slightly less than five 
times the full-load current. 

From the curves that have been given, discuss the value of 

starting current __ 
running light current 
formance of the motor, especially the margin in output, show 
that the smallest ratio for a good motor should be about 12. 
The running light current is substantially equal to the mag- 
netizing current. 

Many other considerations are involved in the choice or 
operation of induction motors. Some of these may be briefly 
discussed. 

It has been shown that a variation of the secondary (usually 
the rotor) resistance is accompanied by marked changes in the 
performance characteristics of the motor; that higher resistance 
means, roughly, increased starting torque but decreased normal 
running efficiency. For normal operation, therefore, the smallest 
possible secondary resistance is desirable. This is best obtained 
by a type of rotor winding construction known as the “squirrel 
cage.’ In this, the conductors are heavy copper bars, lightly 
insulated, with only one bar to a slot. 

The ends of the bars are connected to copper rings which 
thus give a completely short-circuited winding. The resistance 
of such a squirrel cage affair is extremely low, and the starting 
torque of the motor is correspondingly low. There is no op- 
portunity of inserting additional resistance in such a structure. 
For this reason, many rotors are supplied with definite windings 
the terminals of which may either be brought out to slip rings on 
the shaft, or be connected to a revolving resistance mechanism 
carried within the rotor spider. 

The type of motor to be chosen depends on the use to which 
it is to be put. Induction motors cannot be used as indiscrimi- 
nately as can direct-current motors, for example. Consider a 


the ratio, When considering the per- 
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motor to be used in pumping against a high hydraulichead. The 
squirrel cage motor would not start. There might also be diffi- 
culty with the wound rotor type. In this case it would be 
necessary to have many steps in the secondary rheostat to insure 
against the torque falling at any instant below the required 
amount. 

Another question of importance relates to the frequency. 
Assume, for example, that a 5-hp., 60-cycle, 220-volt motor is 
required. If it is found that there is a 5-hp., 40-cycle, 220-volt 
motor available, will it be practicable to utilize this machine, 
thus saving, perhaps, the cost of a new motor? 

When a 40-cycle motor is operated on the 60-cycle circuit it is 
evident that the magnetizing current, and consequently the flux, 


will be reduced in amount approximately in the ratio a while 


the reactance will be correspondingly increased. The motor 
would therefore be weak in operation, that is, it may have 
insufficient margin in overload range. 

Changing from 60 cycles to 40 cycles would have just the 
reverse effect. The motor would have ample capacity. Mag- 
netic densities might be excessive, and the power factor might be 
considerably poorer owing to the great increase in magnetizing 
current. 

To operate the 40-cycle motor on 60 cycles would be most 


satisfactory if the voltage could be increased in the ratio oo 
This, however, is ordinarily impossible. It is sometimes pos- 
sible, however, to accomplish approximately the same result by 
reconnecting the windings. Suppose, for instance, that the 
motor is A-connected. Consider changing to Y-connection, at 
the same time dividing each phase into two circuits and connect- 
ing them in parallel. Connecting in parallel changes the required 
voltage from 220 to 110. Changing to Y makes the required 


voltage 1.73 X 110 = 190. The change of frequency alone 
60 


would suggest a voltage of 110 x Ay 165. Perhaps, there- 
fore, the change to the condition of 190 volts, that is to parallel 
Y-connection, will give satisfactory results in operation. 

An approximate value for the power factor may be obtained 
as indicated in Fig. 270. A right triangle is formed, the per- 
pendicular sides of which are per cent. load and per cent. In 
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+ per cent. reactance. The reactance is the sum of both the 
primary and the secondary reactance in per cent. The angle 
6) is the phase angle. The basis for this approximation is found 
from a study of the vector diagrams, Fig. 257. 

Motor and Transmission Line.—When an induction motor is 


at the end of a transmission line on which 

a ee constant voltage is impressed, the constants 

ed of the line should be added to those of the 

go) baad motor windings in determining the per- 

EAE ca formance characteristics. Thus, 79 is the 

sum of the primary winding and the line resistances, and 2p is 
the sum of the primary winding and the line reactances. 

Let it be assumed that a 220-volt motor is at the end of a 

transmission line such that maximum output occurs when the line 


drop has reduced the voltage on the motor to 190. 
2 

The maximum output is then (5) = 0.75 times its value 
under normal voltage. 

If the performance curves at normal voltage are given, these 
may be changed to give approximately the performance under 
the conditions named by merely altering the scale of abscisse 
so that the maximum output shall occur at three-quarters of its 
former value. 

Motor with Auto-transformer.—If a motor is used where it 
does not have to start under heavy load, an auto-transformer 
may be introduced to reduce the starting current. 

For instance, if the auto-transformer supplies half voltage 
the current will be reduced to one-half, and the volt-amperes will 
consequently be only one-quarter of normal starting amount. 
On the primary side of the auto-transformer, then, the current 
input will be only one-quarter of the normal starting current. 
Such an arrangement is advantageous from the standpoint of 
current, but is bad where a large starting torque is required, since 
the torque is reduced to one-quarter its normal starting value. 

Many other considerations may naturally arise in reference 
to the induction motor, some of which may well be studied from 
the standpoint of its design which is taken up in the next chapter. 


CHAPTER XLIII 


STUDY OF THE DESIGN CONSTANTS OF AN INDUCTION 
MOTOR! 


The primary limiting features in induction motor design 
are (1) the possible amount of copper per inch of periphery, and 
(2) the smallness of the air gap. A small air gap means a cheap 
motor and high efficiency. Gap lengths ordinarily run from 
0.02 in. to 0.06 in., the smaller values being for small machines. 
A relation between these two limiting features may be found in 
practice; thus, for each 0.01 in. of air gap, from 100 to 150 amp.- 
conductors per inch of periphery may be assumed as.a starting 
basis. 

Let it be required to design the following motor: 


I—6—10-1200-110v. 


Since practically all induction motors are three-phase, that 
feature is not indicated in the rating. If the motor were two- 
phase, its designation would be JQ. Otherwise, the rating 
indicates 6 poles, 10 hp., 1200 r.p.m. at synchronous speed, and 
110 volts. 

Air Gap.—The air gap may first be assumed in accordance with 
practical experience. As a safe average value, let this be chosen 
as 0.02 in. = 1,. The number of ampere-conductors per inch 
of periphery, from the relation given above, will then be 


2 < (100 to 150) = 200 to_300. 
Rotor Diameter.—This, also, may be taken from experience. 


As a trial value, let the diameter per pole be assumed as 2.5 in. 
The rotor diameter is then 2.5 X 6 = 15in. = dp. 


Pole pitch = = = sae eve 7.88 in., 


where d, is the inside diam. of the stator. 


11t is realized of course that since this is not a book on design of electric 
machines, the equations used are not claimed to be accurate, but they are 
sufficiently accurate for the purpose in view which is to give a fairly com- 
plete idea of how the various constants are derived. Indeed the methods 
suggested have been used in the design of a large number of machines that 
have been built. 
365 
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Stator Slots per Pole-—This depends primarily on the slot 
pitch, but must be a multiple of three. For low-voltage motors 
the slot pitch may be quite small, say 0.65 in. As the voltage 
increases the space requirements of insulation will cause an 
increase in the pitch. Assuming 0.65 in., the number of stator 
slots per pole is 


7.88 
Wa 
and the slot pitch revised is 
7.88 3 
Spt 0.657 in. 
Slots per pole and phase are 
12 
ae 4, 


s 


Ampere-conductors per slot will be 
(200 to 300) X 0.657 = 130 to 200. 


The number of conductors per slot will depend for their size 
on whether the motor is to be A- or Y-connected. The current 
they must carry may be calculated on the basis of 10 kv.a. 
input, or 3300 volt-amp. per phase. 


If A-wound, 


3300 
doxase = 110 = 3) amp. 


Thine =e V/3 IS 30 = 52 amp. 


Conductors per slot = Cats 2 * Eesha 4.3 to 6.7 
If Y-wound, 
IPs eho = Thine = 52 amp. 
Conductors per slot = 120 — = 2.5 to 3.8. 


Slot and Tooth Dimensions.—In general, it is good practice to 
use if possible four coils per slot. This arrangement lends itself 
readily to reconnection either in series-parallel, for double vol- 
tage, or in series for quadruple voltage. Therefore, selecting four 
as the number of groups of wires per slot we also get four effect- 
ive conductors per slot. The next step is to design a suitable 


slot. ‘The deeper the slot, the more copper per inch of periphery 
is possible. 
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In a given coil, however, it is not practical to wind more than 

four wires on edge.. Therefore, a slot similar to that shown in 
Fig. 271 should be chosen. This gives four wires per coil, four 
effective conductors per slot, or a total of sixteen wires per slot. 
Hither A- or Y-connection may be chosen. In this case it will 
be the latter. The actual slot dimensions for this motor are 
depth = 1.15 in., width = 0.34 in. 
Each effective conductor consists of Oo ae oy ee Ae 
four No. 10 B. & 8. double cotton- ; 
covered wires. Each wire has a 
diameter of 0.112 in. over insulation, 
and the copper area is 0.00815 sq. in. 
52 
4 X 0.00815 — 
1600 amp. per sq. in., which is a rea- 
sonable value. 

The slot insulation is about 0.04 in. 
in thickness, being sufficient for 440 
volts. 

The slot opening is made as small as possible to permit con- 
venient insertion of the coils. Its width in this case is 0.22 in., 
or about two-thirds of the slot width. 

The tooth dimensions are: width at face = 0.48 in., width at 
narrowest point = 0.324 in., shown respectively at a and b in the 
figure. 

Main Flux.—All data are now available to substitute into the 
fundamental equation 


Current density is 


_ 4,44 hth 
ie 108 
from which the required flux, ¢, may be ascertained: 
Hes Boe = 63.5 volts to neutral, 
V3 
f = 60 cycles, 


¢ = 2 turns per slot X 24 slots per phase = 48 turns, 
k = constant for winding distribution = 0.96. 

: 63.5 * 10 vy 

PO ARC Ch CAS SC 096 OO 


Stator Length.—The cross-sectional area of the iron necessary 
to accommodate this flux is limited by the maximum permissible 
flux density in the stator teeth. For 60-cycle motors the maxi- 
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mum density should not exceed 90,000 lines per sq. in.; for 25 
cycles the density may reach 105,000. Higher densities are 
apt to cause excessive heating of the teeth. 

It has been shown that although the windings on the stator 
are stationary, the effect due to the multiphase currents in them 
is similar to that of a revolving field structure. With alternators, 
the field flux is more or less evenly distributed along the surface 
of the pole, that is, the density is fairly uniform, and thus the 
flux, when plotted, approaches rectangular shape. With ‘the 
distributed windings of multiphase induction motors, the space 
distribution of the flux is practically that of a sine wave, as will 
be seen by plotting the magnetomotive forces at different points 
along the stator periphery. With a sinusoidal space distribution, 
Tv 


then, the maximum flux density is 5 


times the average density 


over the surface. 

The net stator length may thus be determined by assuming 

maximum teeth density, from the relation, 

flux per pole 

max. flux density X min. teeth width per pole. 
This equation may be used, however, more advantageously as a 
check in settling the final dimensions both of the teeth and the 
stator length. The latter may best be determined at the start, 
by assuming a value for magnetizing current and working through 
the gap. 

Let the magnetizing current required to send flux through the 
gap be assumed as 20 per cent. of full-load current, = 0.2 * 52 
= 10.4 amp. 

Gap amp.-turns = 1/2 X 1.5 X 10.4 X 8 = 176.5, since there 
are eight turns per pole and phase. 

Average gap flux density is 


Net statorlength = 


176.5 
Bas gap ~- 0.313 x 0.02 = 28,200. 
.. Gap area per pole, 
516,000 ; 
9 = 98 200 = 18.3 sq. in. 


teeth width per pole = (0.43 + 0.02) X 12 = 5.4 in.; where 0.02 
in, has been added to the tooth width on account of unavoidable 
irregularities in the stampings or laminations. 

18.3 


.. gross stator | Aaah ee ; 
g stator length 54 3.4 in. 
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Experience in design would now lead one to judge this length 
of 3.4 in. to be too short, as compared with a rotor diameter of 
15 in. Therefore it will be advisable to repeat the calculations 
on the basis of, say, 12 in. rotor diameter, instead of 15 in. 

The new slot pitch then becomes, 


il 
0.657 X % = 0.525 in. 


The slot and the slot opening remain as before, but the tooth 
face is reduced to 


0.525 — 0.22 = 0.305 in. 


Teeth width per pole = (0.305 + 0.02)12 = 3.9 in. 
.. gross stator length = zo =e fm iT, 


and effective stator length = 0.9 X 4.7 = 4.23 in. 
This value may now be applied to the stator teeth in order to 
ascertain whether the maximum flux density is satisfactory or not. 
Minimum width of tooth = 0.19 in. 
Minimum net area of teeth per pole = 0.19 X 12 X 4.23 = 


9.65 sq. in. 


what 51 
Therefore, maximum average flux density in teeth = ae g 


= 53,500 lines per sq. in., and maximum flux density in teeth 


= 5 x 53,500 = 84,000. 


Rotor Slots.—Consider, first, the squirrel cage rotor. In 
choosing the number of slots it is well to insure that there shall 
be no possible symmetrical arrangement of the stator and rotor 
slots with respect to each other. In practice it is common 
to take one-half the stator slots + 1. 


In this case the number will be @ + 1 = 387 slots. Such 


a choice is made to prevent the existence of so-called ‘dead 
points,” or positions of the rotor from which it may not start. 

Slot and Tooth Dimensions.—At synchronous or operating speed 
the frequency of reversal of the flux in the secondary core is 
so low, being that of the slip, that the core loss in the secondary 
is negligible with proper teeth dimensions. This fact permits 
higher densities in the teeth than are permissible in the primary 
teeth. The maximum density occurs, of course, at the base of 

24 


370 ELECTRICAL ENGINEERING 


the teeth. When the rotor diameter is not great, as in small 
motors, a deep slot means considerable reduction of tooth area at 
the base compared with the area at the top of the tooth. Usually 
rotor slots are fairly shallow. The dimensions in the present 
case are given in Fig. 272. The rotor 
bar is nearly square in section, and is 
inserted in the slot from the end. It 
is covered with a thin layer of paper 
insulation, although, since the bars 
are all short-circuited, even this is not 
essential. The opening between the 
teeth is narrow in order to give a 
large flux area in the gap. At the same time, it is maintained 
for the purpose of reducing the leakage flux and thereby cutting 
down the self-inductive reactance. 

Considering the dimensions, as given, the minimum net area 
of rotor teeth, per pole, is 


37 
6% 0.32 X 4.23. = 8.35 sq. in. 


.. Maximum average flux density in rotor teeth is — 


516,000 ; . 
3357 61,800 lines per sq. in. 


Maximum density = 5 x 61,800 = 97,000. 


If, instead of the squirrel cage, a wound rotor is desired, the 
number of slots chosen will in this case 
be 54, which will give nine slots per 
pole, and three slots per pole and phase. 

The rotor need not necessarily have 
a three-phase winding; any multiphase 
winding with the proper number of 
poles will do. In fact, the squirrel Fic. 273. 
cage may be regarded as a winding of many phases. 

Slot and tooth dimensions are given in Fig. 273. From these, 
minimum teeth area per pole is 0.21 X 9 X 4.23 = 8 sq. in. 
516,000 _ 

= 


64,500 lines persq.in. Maximum density = 5 X 64,500 = 101,300. 


.. Average flux density in the rotor teeth at base is 
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The remaining rotor calculations are made in essentially the 
same way for both the squirrel cage and the wound rotor types. 

The former type will therefore, alone, be worked out. The 
student may, for practice, apply the process to the determination 
of constants and performance characteristics of the motor with 
wound rotor. 

Rotor Secondary Resistance.—This is difficult to calculate by 
the usual method applied to definite windings, but may be deduced 
from a well-known fact that the loss, per cubic inch of copper, 
is 0.79 watt at 60°C. when the current density is 1000 amp. per 
Sq. in., and this loss varies as the square of the current density. 

The problem, then, is to find the volume of the rotor con- 
ductors and the current in them. The latter may be considered 
first. 

Consider the revolving flux as represented at some given 
instant by a pair of poles, shown in Fig. 274. At that instant 
the current flows downward through the 
rotor bars under one pole, and upward ie 
through the bars, under the other pole. — 
These currents are indicated by the 
crosses’ and dots in the figure. Maxi- 
mum current will be in the bars under 
the middle of each pole where the flux is —— 
maximum. Between the poles there will Fic. 274. 
be little current in the bars. In general, 
the distribution of current in the bars around the periphery 
will be proportional to the sine of the space angle between the 
bar and the neutral axis. 

Since, now, there is an inductive relationship between the 
primary and the secondary windings, as in the transformer, if the 
exciting current is neglected and perfect mutual inductance is 
assumed, the ampere-conductors around the stator periphery 
must equal the ampere-conductors around the rotor periphery. 
But the former, denoted by 


1,C, = 288 X 52 = 15,000, 


since there are 288 conductors on the stator, each carrying 


52 eff. amp. 
The effective rotor current per bar will then be 
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Maximum current in any bar is then, 
T,(max.) = 405 X +/2 = 572 amp. 
2 
Average current per bar = I,(av.) = 572 X pi 364 amp. 


In the end rings which short-circuit the bars the current will 
vary in amount along the circumference. The section of the 
ring at A, Fig. 274, will carry the most current, while at B, the 
current will be zero. One-quarter of the bars will send their 


currents through section A, or, in general, section A will contain 
total bars 


the current from Beale 
In this case, then, there will be a = 3.08 bars supplying 
this current. The current through A will be 3.08 times the 
average current per bar, or, 
3.08 X 364 = 1122 amp. 


The average current around the whole circumference of the ring 
is 
1122 X : = 715 amp. 
and the effective current in the ring is 
Ip = 1122 + +/2 = 794 amp. 
Volume of each rotor bar is 
0.5 X 0.55 X 6.7 = 1.84 cu. in. 
Total volume of bars is 
1.84 X 37 = 68.1 cu. in. 


i 


Fre. 275. 


Since effective current per bar is 405 amp., and, assuming 0.79 
watt per cu. in. loss at 1000 amp. per sq. in., the loss in the bars 
is 


405 2 
0.79 x (— ana ard SBS TIE tL owatts: 


Loss in bars per phase = a = 39 watts. 


Volume of end rings is 


2x 0.0 Xr << 101= Sib cus in 
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Effective current per ring is 794 amp. 
.. Loss in the rings is 


194 2 
0.79 eal X 31.75 = 63.5 watts. 
Me 3.5 
Loss in rings per phase = = = 21.2 watts. 


Copper loss in rotor secondary per phase = 39 + 21.2 = 60.2 
watts. This loss is /?R, per phase, where J and R are certain 
“equivalent” values of current and resistance of the secondary. 
Referred to the primary on a 1:1 ratio basis as is usual in trans- 
former calculations, this loss becomes 


60.2 = 1,2ry = 52?ry. 

=e 60.2 

co it = 2704 
resistance per phase reduced to the primary. 

Although this calculation is based on two assumptions, 
namely; negligible exciting current, and. perfect mutual in- 
duction between primary and secondary, both of which are false, 
yet the error introduced is so small as not to appreciably effect 
the correctness of the results. 

The primary resistance may now be calculated in the usual 
way. Length of mean turn = twice the gross length of stator 
+ eight times diameter per pole, = 2 X 4.7 + 8 X 2.22 = 
PaCaN SN 

Total length of effective conductor per phase is 

48 turns 


BE AMO. SX “S5Eey aie 108.64 ft. 


= 0.0223 ohm, whichis the desired rotor (secondary) 


Sechs nals 
Resistance per 1000 ft. of 4 No. 10 wires in parallel is — ier 0.29 


ohm at 60°C. 
., Resistance per phase, of stator, is 


108.64 
1000 


Primary Leakage Reactance.—This is determined in the same 
general manner that it was done in the case of the alternator. 
The facts that the air gap is uniform around the periphery, that 
it is comparatively very short and that the rotor teeth, instead 
of being opposite a solid pole, are opposite the stator teeth, 


<-0.29 = 0.0315 ohm. 


To = 
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introduce important variations into the calculations. The 
leakage flux may be regarded as that which passes through and 
around the four slots of any pole and phase at right angles to the 
direction of the main flux, due to the current in, those slots, to- 
gether with that surrounding the end-connections due to the 
current in them. This flux may, for convenience, be divided 
into a number of parts, as follows: ; 


¢, = flux which crosses the space occupied by the conductors. 
This space has an area, a, (Fig. 276), per centimeter 
length of conductor. 

¢2 = flux crossing the area, d, between the 
conductors and the gap. 

$3 = flux in the gap but not cutting the 
rotor conductors. This is the so- 
called ‘‘zig-zag’”’ flux, because it 
passes back and forth across the faces 
of rotor and stator teeth. 

¢4 = flux around end-connections. 

¢s = belt leakage flux, due to the fact that 
the primary and secondary coils are 
not always in positions to react fully on each other. -This 
flux has to be considered only with reference to rotors with 
definite phase windings. In such cases the inductance, 
L;, due to it may be taken as approximately 5 per cent. 
of the total primary self-induction. 

Calculation of inductances due to ¢; and ¢2 give 


a 
Ly = 4rsn?=—— 
3b 


d 
Ly = 4rsn?- 
é 
cm., per cm. gross length of stator, where s = slots per pole and 


phase, and n = effective conductors per slot. 
Similarly, 


Lo Ae ahah 


fo 
where 7 is the effective magnetic conductance of the path of 


the flux $3, per centimeter gross length of stator. 
This inductance is really the sum of two inductances, L; = 
L’'; + L's, of which LZ’; is made up of the interlinkages per 
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ampere of all the conductors of the phase with the flux, $73, 
which follows the path from A to B, and L’’y is the interlinkages 
of the conductors in the two inside slots with the flux $3’, which 
follows the path from C to D (Fig. 277). 


Magnetic conductance across a rotor slot above the conductor 
ite. hs Ba : : : : 
Is + I where the letters indicate dimensions, as given in 


Fig. 277, in inches. This magnetic conductance is in parallel 


A 
, ai 
1 
| 
\ 
X 


Cc 
T 

| 

| 


D 
] 
| 
Ls . 
we" 5 
Hh x ve Ne 


aa eS A 


B 

i 
| 

| 

| 


t 
7 


Ys 
Ua 


Yy 
YJ]: 
We. PAM 


with a conductance of variable magnitude of the path across the 
gap into a stator tooth and back again. When a stator tooth is 
; 2 : ; a 
directly opposite a rotor slot, this magnetic conductance is ie 
where ¢ is the width of a stator tooth face. When the two slots 
are directly opposite, the magnetic conductance of this path may 
be neglected. 
In the first case (tooth opposite slot), the magnetic conductance 
of the combined path is 
Toon t 
nth 4g 
In the second case, it is 
Wie wk 
Fie 
The average of these two values is 
mk t 


7 =f h a 8g 
The flux ¢’; passes through this path twice, as the figure shows, 
and it also passes twice across the gap as it first enters and 


finally leaves the rotor. The reluctance of these latter portions 


54 
of the path is 
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“. the total average reluctance is, approximately, 


; 2 29 go\’ 
aa My cee ale iee i 
—+-+— : 
n. h~ 8@ 


and the required magnetic conductance is 
tee 2 a 
p's Jo 
In the present case, supplying values, 
m = 0.03, n = 0.06, k = 0.15, h = 0.26, t = 0.305, g = 0.02 


2 0.04 
. / ja aa — 
- P's = 054 0.8774 191 + 0305 > 0 
and 
Dy tS 
a tee 


Maximum magnetic conductance of the path from C to D 
occurs when the stator tooth is opposite a rotor slot. The middle 
of the phase is here opposite a rotor tooth. 

In this case the magnetic conductance is 


t 1 


= 4.65. 


Taek 
When the slots are opposite, the magnetic conductance is 
et 
al Deane 
t Rian ok 


Tims 


= 0.944. 


When the middle tooth of the phase is opposite a rotor slot, 
the magnetic conductance is 


1 
29 1 


m k t 
A AG 


= 2.98. 


The approximate average magnetic conductance is the aver- 
age of 4.65, 0.944, 2.98 and 0.944. This is 


(*) OG 
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Inductance due to end-connections is, as has been stated 
in the study of the alternator, a difficult quantity to calculate 
with close approximation, due to the indefiniteness of the mag- 
netic path in the air. In the case of induction motors with wound 
rotors, a fair value to assume for the flux per ampere-conductor 
per centimeter length of the end-connections is 


poles 
diameter 


od4 = 


For squirrel-cage induction motors about 50 per cent. should 
be added to this, as the end-connections of the rotor may be 
regarded as having negligible self-induction, which affords, 
consequently, an increased path for the stator flux. 


: ; D 
Since length of end-connections per coil = 8 X i the flux 


per coil per ampere-turn is 


15x 8x 4/2 = 12/2 


120 ae per absolute amp.-turn. 
iY 


ps 


l| 


With the usual double-layer winding of the stator (primary) the 


: SE OMSTL: 
magnetomotive force per coil is al 


Therefore, the total flux per pole about the end-connections of 
any phase is 


: sn 
Linking with this flux are > turns, 


*. the inductance (interlinkages of flux turns per unit current) 
per phase is 


ih = x px > x 120 ae = 30s’n? ~/ Dp. 
The total primary inductance is, then, 
2 4%. ae DY, 


on ; henrys. 
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Supplying numerical values, 
s = 4; s' = 2: n = 4; a = 0.95; b = 0.384; d = 0.16; e = 0.28; 
/ " 
(”) = 1.25: D = 30.46 om.; p = 6; 1 = 11.94 em.; (2) = 2.38 
Jo g 


Lo = a [(0.931 + 0.57 + 1.25 + 1.8)4 + 2.38 X 2] 


0.000262 + 0.0000686 = 0.00033 henry. 


I 


Primary leakage reactance is, therefore, 
Lo = 2rfLio = (0) ee ohm 


Secondary leakage resistance. 
Self-induction of the secondary is obtained in the same way. 
Thus the total secondary inductance is 


_ Ansin?pl fa , d , fo 
Eee! & ate A SOE 
fo 


where all quantities are known except a 
0 


Yy 
yy 
Uy 

WY 


Fie. 278. 


In Fig. 278 the leakage path is indicated by the dotted line 
for the relative position of rotor and stator teeth in which the 


magnetic conductance is maximum. The reluctance in this 
case is 


: 4g 1 1 
min. SoS = =e = 
p3(min.) ; + iH oh 0.2625 + 3.81 4 0422 = 0.5, 
4g 2e 
and 
Meares’ = —“= 2 
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Minimum magnetic conductance occurs when the stator and 
the rotor slots are directly opposite each other. Then 


p3(max.) = 2/ —_— 3s 7 = 2.654. 


The value so is the magnetic conductance of the small path 
across the faces of the rotor teeth tips opposite a stator slot. 
It is, approximately, 


0.08 
O1ae” 0.571 
Pil nate Bathe 
: ae ) GL t 0.376, 
and the average value of the magnetic conductance is 
ee DEO 376 
= = 1.2 approx. 
go 2 


The rotor self-induction is then determined by supplying numer- 
ical values in the equation for L; (see Fig. 272, page 370). Thus, 


37 
4nx ("-) X 11.94 
3 0.5 , 0.19 : 
L:= an [it odes + 12] = 4.09 x10-+henrys. 


Reactance = 2rfL, = 0.00154 ohm. 
Reduced to the primary basis, this gives 
288 


t, = 0.00154 Xx (=) 0 0035 ohn: 


The only quantities remaining to be determined are J, and 
I,, the magnetizing and core-loss currents. The core loss, or 
watts lost in hysteresis and eddy currents, is H?g, where J, = Eg. 

This loss is almost entirely in the primary core where the 
normal frequency of reversal of the flux obtains. 

The secondary core loss is neglected. 

As with the alternator, the eddy current loss will be taken as 
equal to one-half of the hysteresis loss. 

To find the latter, then, the volume of stator teeth is 


Veo 4.25 0.45 — 137 -cu. in, 
where 0.45 = area of a tooth. 


1 It is neglected only in the case that the pulsation in flux due to the passing 
of the teeth is negligible, which is, however, not always the case. 
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Weight of teeth = 137 < 0.28 = 38.4 lb. 

Hysteresis loss in teeth at 2.8 watts per lb. at 60 cycles and 
64,500 lines per sq. in. is 
84,000 
64,500 
Outside diameter of the stator = 16.375 in. 


38.4 X 2.8 Xx ( Ves = 170 watts. 


Inside diameter of the stator = 14.34 in. 
Volume of stator core is 
Ve=rX ae 3 see x 4.23 = 204 cu. in. 
Weight of core = 204 X 0.28 = 57 lb. 
Flux density = caine + (1.0175 xX 4.23) = 60,000 lines per 


sq. in. 
.. Hysteresis loss in core is 


60,000 
BT X 2.8 x (Few 


.. Core loss = 1.5(170 + 140) = 465 watts. 


1.6 
) = 140 watts. 


Core loss per phase = pall 


ae 
155 
Sa ies 2.44 amp. 


= 155 watts = Hg = EI,, and’J, 


Per cent. I, = <— = (OO 


That portion of the magnetizing current required by the air 
gap has been assumed as 20 per cent., or 10.4 amp. That 
required by the iron part of the flux path must be worked out 
from the known densities and dimensions of the magnetic circuit. 
The usual tabulation is as follows: 


Part Density A.T. per in. Length AT. 
‘ oa) ene 84,000 | 12.0 | 
Stator teeth ener 72,500 | 7.4 { Leg 1.15 11 
MAX. ). pees oh -O7,000rs28-08 
qotor teesh. rnin 0s eae 88,000 | 15.0 { 22° tS 
SPLAT awoken ooo n en ole 60,000 4.5 4.0 18 
OCOMCOLC Hm einen: en 60,000 4.5 2.0 9 
Hotalironarmp.-turns.ee ste eee ee eters |e 51 
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Since there are eight turns per pole per phase, the magnetizing 
current required for the iron is calculated from the equation for 
armature reaction. 


Arm. reac. = 1/2 X 1.5 X amp.-turns per pole and phase 
= 2.12 X 8 X amp. = 51. 

.. Current required for the iron part of the magnetic path = 

51 
16.96 ~ > 

Total magnetizing current per phase is 

In = 10.4 + 3 = 13.4 
per cent. I,, = 0.26. 

Performance curves of the motor may now be worked out from 

the constants, reduced to percentages, as follows: 


Eh eile SESE 1 Sei = =(),0258; 
Pe O01s3> too— 0102-07 = 0.76547 = 0.01. 
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Tabulating as in the problems of the previous chapter, the 
resulting values are as follows: 


Slip OFO RM ROZ01 0.02/ 0.03 0.05 ON08 ROE 0.5 5) 20 50a in 0 
——<$<$<——_— | | ————_ a Sy ar ae 
To 0.257 |0.626 |1.107)1.57 |2.38 |3.32 |3.775/5.34 |5.64 (5.82 
Ls 0.0 0.498 |0.95 |/1.337/1.925/2.37 |2.475)1.675|1.12 |0.6 
Pm — fo |0.0 0.483 |0.921)1.288]/1.82 |2.17 |2.217|1.163\0.55 |0.0 
Po 0.0462/0.5525)1.022)1.448)2.11 |2.675/2.867/2.425)1.953 |1.484 
EoIo |0.257 |0.626 |1.107)1.57 |2.38 |3.32 |3.775/5.34 {5.64 |5.82 
Eff. |0.0 |0.875 |0.90 |0.889\0.862/0.81 |0.772/0.479/0.281 |0.0 
P.F. /0.18 |0.883 |0.922'0.921/0.887|0.805\0.76 |0.455|0.346 |0.255 
App. eff. |0..0 0.773 |0.83 0.819.0.765 0.652 0.587 0.228'0.0972/0.0 
| | 
Performance curves are given in Figs. 279 and 280. 
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CHAPTER XLIV 
ROTARY OR SYNCHRONOUS CONVERTERS 


It is frequently necessary to obtain direct current when 
the available supply is alternating. Such, for instance, is the 
case with many electric railways, are lighting systems, etc. 
‘Changing from direct to alternating current is also, but less 
frequently, required. The work of conversion from direct cur- 
rent to alternating current or vice versa,'is done to great ad- 
vantage by means of the rotary converter. Looked at from its 
commutator end, this machine is a direct-current generator; 
from the other end, it appears to be a synchronous motor with 
revolving armature. 

Both receiving and transmitting electrical energy, it is motor 
and generator combined into one. If it be driven by mechanical 
power, it may give out electrical power, in the form of either 
direct current or alternating current, or both at the same time. 
Under its various phases of operation, then, the rotary converter 
may work as a direct-current generator, direct-current motor, 
synchronous motor or alternator. In any case its performance 
becomes that of one of these machines or a combination of them, 
and may be studied in that light. 


Voltage and Current Ratios.—The fundamental equation of 
Aft 

a direct-current generator has been found to be H = ue volts, 
where f, ¢ and t, are respectively, the frequency of alternation 
of voltage in the conductors, the flux per pole cutting the con- 
ductors and the total number of turns between brushes. If 
the armature is tapped at two symmetrical points (for each pair 
of poles), and the taps are brought out to slip rings, then the 


voltage across the slip rings, by the fundamental equation for 


; 4.44 fot : 
alternating-current generators, 1s Heyy, = — effective volts. 


This equation holds, however, only for concentrated windings. 
For distributed windings, it is 
4 AAS ot 

Te 


Ess, = = X 


. 
7 
383 
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and, substituting for oe its derivation, 1/27, the maximum 
V2xfot _ Afot 


ee ci volts, which is the 


voltage is E,, =~ /2 x2 ae 


same as for direct Pee 

In calculations involving the voltage it is convenient to deal 
with the voltage to neutral, that is, one-half the direct-current 
or alternating-current single-phase voltage, and the phase voltage 
with polyphase connection. Thus, direct-current voltage to 


on BE _ 2iet 
neutral is HL, = 3 = 108° 
Single-phase effective voltage to neutral is 
E,, E 


V2 2/2 
In a three-phase machine maximum voltage between rings, = 


V3 E, = V3 x HE = V3E,. 


In an N-phase machine, 


Ji, = SAB, Baie xy = Ji} Sian 


/[ 
4 


=|7 


is maximum voltage between rings. 


Effective voltage is E.s;, = ~/2E, sin 5 


= sin y 
eS 


Current relations are determined oe assuming 100 per cent. 
efficiency, or input = output. The direct-current output is 
2H,I, where IJ = direct-current line current. 


ml x a Em 
The input is N Vou w,for N phases, where J4= phase current. 


Equating output to input, and solving for J, 


2E,1 = N—-ly= = 
V2 V2 
oe 2E AL / 21 
be hue aa 7, 
V2NE, sin 5, Nsin 5 


Effective line current is the vector sum of two adjacent 
effective phase currents. This may be proven to be 
2/21 


I= N 
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Thus, for three-phase, effective wire current is 


and effective line current is 
I, = —~—I. 
= 3 


Problem 110.—Assuming the direct-current voltage and current to be Z 
and I respectively, deduce effective phase voltages and currents for one-, 
two-, three-, four-, and six-phase alternating input. 

For single-phase, the values have already been indicated. They are 


E a 
Ey = 753 I, = V/2I- 


They cannot be obtained from the general formule directly, but are 
easily found from the power equation. The general formule apply to 
polyphase machines. 


Voltage Control.—Under the ideal conditions assumed, there 
is no voltage drop in the armature. Practically, however, there 
is a drop proportional to the load. With a constant impressed 
alternating-current voltage on either the rotary terminals or the 
supply generator, the drop in the armature, or in the armature 
and line, as the case may be, causes a variation in the terminal 
direct-current pressure. 

It is frequently desirable to compensate for this voltage drop 
in line and armature, in order to maintain constant direct-current 
voltage across the brushes of the rotary 
converter. One method of doing this 
is by proper ‘compounding of the series 
field.”’ In general, the procedure is to 
“under-excite the shunt field,” so that 
at no load the machine, acting as a 
synchronous motor, will draw lagging 
current of about one-third normal 
value. At 34-load the current will be Prenoet: 
in time-phase with the voltage. 

At full-load the current, due to the series field m.m.f., will lead 
somewhat, with the consequent increase in terminal voltage. 

Heating of the Armature.—In Fig. 281 is shown one phase of a 
rotary converter, whose center line makes an angle (@ — a) 
with the field axis. Let any coil, c, be displaced an angle, a, from 
the center line of this vhase. or 6°, from the field axis. 


386 ELECTRICAL ENGINEERING 


To Find the Heating in this Coil—Let the current and voltage 
be in time-phase with each other. Then maximum current will 
flow in the phase, and therefore in the coil, when @ — a= 0. 

Thus the current in the coil is not maximum when the coil is on 
the axis, but when the center of the phase is on the axis. There- 
fore the alternating current in the coil may be written 


1 = I, cos (0 — a). 


: Praia & : ; 
If J is the direct current in the line, 9 18 the direct current in 


the coil. 
Therefore, the resultant current in the coil is 
: eel: i 
p=t— 5 = In cos (8 — a) —5 
But it is known that, in general, 
Pah 
He a 
N sin N 
Therefore, 


Lod ars eee) 


2 C Tv 
N sin WN ; 


The heating of the coil is proportional to the square of 7,; the - 
average heating to the average square of the resultant current 


taken over a half-cycle from 6 = — 3 to ? = z Thus, average 
heating of coil = 
1 2 wy 208 oo 2 
7 4 Nein a ; 
- sin N 


Comparing this heating to that of a direct-current generator 
with the same current output gives 


heating of rotary coil _1 5% Acos (@ — a) fe 
heating of d.-c. gen. coil rf ( ie, Se nen ee 
N sin WN 


Tv 


Problem 111.—Prove that this ratio is: 
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Proof.— 
wv 
1 2 /4 cos (6 — a) 1\2a6 
N sin = 
ia PN 
2 
1 2 16 cos? (0 — a) — 8N cos (9 — a) sin 7 + N? sin? = 
ae : de 
N? sin? = 
yy 


I 2 soe 20 
et ae oe 16 cos?(9 —a) — 8N sin 77 cos (9 — a) + N* sin wT) dé. 
aN? sin? WN N 


Integrating the terms separately, 


> 2 
aft 16 cos? (6 — a)dé = ef (cos? 6 cos? a + 2 cos # sin @cos a sina 
-5 ss 


Ns 


+ sin? @ sin? @) dé 


sin 20 0 f — cos 
= 16] cos? a (4 +5) +2¢08 asin a( see) 
Seine 1 +5 
rae NU 
2 


=8r cos? a + 0 + 87 sin?a =8r(sin? a + cos? a) =8r. 


Tv 


2 
(2) — 8N sin — cos (0 — a)d@ 
N 
3 
= — 8Nsin = [cos asin @ + sin a (—cos a? = 
~D 
= — 16N sin _ COS a. 
2 a 
: i sin? 57 40 = [1 sin’ + |? = FN? sin? 2. 
: x 4 
os JRO = 8 Z i 16 cos S. 
N? sin? N Noein 7 


Prove that this ratio is maximum for that coil of the phase for which a = 
me that is, for the largest possible value of a, and that the ratio is minimum 
fora =0, 
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Problem 112.—Find the ratio between maximum and minimum heating on 
three-phase, four-phase, and six-phase rotary converters. 


Solution.—Three-phase max. = ae +1-—- eens = 1.21. 
Three-phase min. = we ap il = Bee = 0.226. 
Three-phase ratio, Sea = wae = §.35. 

Four-phase max. = ware +1—- eee = 0.728. 
Four-phase min. = see +1-—- oer = 0.2. 
Four-phase ratio, aie = Ae = 3.64. 

Six-phase max. = wane +1-—- ade = 0.426 
Six-phase min. = — +1— ae = 0.199. 
Six-phase ratio, ae = oe = 2.14. 


Problem 113.—Find the ratio of average heating around the whole pe- 
riphery to the heating of a direct-current armature. 

To determine the ratio of average heating around the periphery the ex- 
pression must be integrated for the ratio of heating of any coil of a phase for 
all possible values of a, and this must be divided by the angular width of the 
phase. 

Thus, ratio of average heating is 


N (2=+H 8 1 
(ee (pe ee See 
Sigs N?2 sin’ 4 Nx sin 4; 


N 
N 8a 16 sin SEN, 
“2: [Gace oe 
N NiIa=- 
= —*— 41-4 =—4 _-_ 083. 
N? sin? N N? sin? N 


Problem 114.—Find the ratio of average heating to direct-current heating 
for three-phase, four-phase, and six-phase input. 


oe 1673 
Three-phase: 9 sin? 60° +1-—- ae 0:55: 
8 
Four-phase: 16 sin? 45° — (0.635= 0°37: 
: 8 
Six-phase ; 36 sin? 30° — 0.63 = 0.259. 


In all of these problems the input is taken at unity power factor. 
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When there is also a wattless component of current in the 
winding the heating is due to this component which is not com- 
pensated for, as well as to the power component. Although the 
components are at right angles (Fig. 282), the heating due. to 
them is added directly, since it is proportional 
to their squares, and the sum of the squares 438 
gives the total current in the winding. 

Another way to determine the heating of a 
rotary converter when the current has a 
wattless component is to resolve the current 
into its components and add their instantaneous values. 

Let the power factor of the alternating current be cos ¢. Then, 
if J, is the maximum value of the wattless component of the 
current in the winding, and J, is the maximum value of the power 
component, 


Ty 


Iz 
Fie. 282. 


tan ¢ = 2 


Thus, J, 1s known, or, 


in = ietan ¢ = 7 tan ¢. 


Sith 
aN, 
¢ is positive for leading current. J, is maximum for 6 — a@ = 
TT 
© — —s 
90° = 9 


*. ty = I» sin (6 — a) for a coil displaced @°. 
Thus, the resultant current in a coil, m, is 


, I|4 cos (@— a) 14 4sin(@— a)tan¢ 
lt = =) 
_ 2 5 St a 
N sin 4; N sin 5, 
ed. 4 ie (6 — a) cos. ¢ + sin (6 — a) fing) _ 1 
21 y sin * as 
I 4. 


= cos (@ — a — ¢) 
Q N sin ~ cos ¢ , 
N 
Problem 115.—From this equation determine the maximum heating of an 
armature coil compared with that of a direct-current generator of the same 
output. 
Solution.— 


: rotary current in any coil 1%, 
Ratio of J y ay 6 
2 


d.-c. current 
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The ratio of heating 


aA (422. et) Brine 4 sin (@ — a) tan 4 a 
7 ee N sin + 
x N sin Vy N 


f : fits 41 4 Wain! a) 44 8.08 (= @) 
= N sin = 


1 
= Se oe 2 sin? — 
Me N? sin? > N? sin* N 
32 cos (8 — a) sin Oe ee eee dé 
N sin, 


N? sin? 


Integrating and apply ing limits, 
Tv ti | 1] b] 1 6 nh t an | 
8 an fen) 6 COS @ j sl a d 


1 
we Ft. bask cian oe tr Pes 
i N?sin? > ; N?2 sin’ N sin W N sin N 


16 cos a+ 16 sin a tan ¢ 


EEO) st 


N2 sin? aN sin 7 
But 
1 + tan? ¢ = sec? ¢ = PALES and tan ¢ = ain e 
cos? ¢ cos } 
and 
‘cos a cos ¢ + sin asin ¢ = cos (a — @). 
8 ay Lisette oe 


*, Ratio = z= 
aN sin — cos } 


Dor caat 
N sin 47 COs” > N 


The maximum heating occurs in that coil for'which cos (a — ¢) is mini- 


mum. 
Problem 116.—Compare the average heating around the whole periphery 
with that of a direct-current generator. 
Solution.—For this, it is necessary simply to integrate the above ratio 
2r 


between the limits of a phase, or between — Fe and + i and divide by 5," 


a=" 
a ey 8 eee eh 1h 16 cos (a— ¢) a 
. Ratio = — A ue Die Ras 
Qa N?sin? W 08" o Nr SIN 47 COS 


ev ae as 


Substituting the expression 
cos (a — ¢) = cos ¢ cos a — Sin ¢ Sin a, and integrating, 
Tv 
16 (cos ¢ sin a — sin ¢ cos ale 


N 8a 
i 8G. hata ae! 


. Tv 
Nr sin — cos @ 


Ratio = 5 
N a~=, 


aT 
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: 2r 
_N 8x 2m 16 cos # (2 sin w) ~ sin 6 0) 
ee : Nia P — 
™ N? sin? cost?fé Nr sin 47 cos ra 
8 16 8 
= fare ee ee ae iio Mehr ka eke a pa kOe 


bh (a9 T : T 
N? sin? N cos? ¢ N? sin? N Cos? 


Problem 117.—Calculate maximum and minimum heating for a power 
factor of 0.9, lagging and leading, for three-phase, four-phase, and six-phase 
rotaries, also the average heating. 


Solution.—Maximum heating is obtained by substituting a = = and 


N 
minimum heating by substituting « = ¢, in the equation 
tatio = aoe +1—-— ehh Con (ae 8): . 
N? sin? N cos? ¢ aN sin a cos > 
For average heating, 
8 


ratio = — 0.63, 
N? sin? a cos? } : 


where N = 38, 4, 6, and cos ¢ = 0.9. 
The final substitution of values is here left to the student. 


A good physical idea of the distribution of current in the 
windings of a rotary armature may be obtained from diagrams 
showing the direct-current output as a constant fixed. in space 
with reference to the brushes, while the alternating-current input 
varies according to the angular position of the phases, by the 
equation 7 = TI,, sin 6. 

Let @ vary by steps of 80°, and write down on the diagrams 
the values of both the direct and alternating current, with direc- 
tion arrows, and also the resultant current in each part of the 
winding. This may be done both for single-phase and three- 
phase armatures. 

If the unidirectional line current is 100 amp., then the maxi- 
mum alternating current is 200 amp. for single-phase and 133 
amp. for three-phase. 

These diagrams are given in Fig. 283. 

Voltage Control.—The voltage of rotary converters for railway 
work is controlled by variation of the phase of the current input. 
In general the machine is over-compounded to neutralize the 
drop in feeders. Therefore, the alternating-current voltage 
impressed on the rotary, must vary to make up the necessary 
over-compounding as well as the drop in the armature. 
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The phase of the current, as in a synchronous motor, depends 
on the field excitation. A reactive coil is placed in series, as 
shown in Fig. 284. If the current is lagging there will be a big 
drop in the line and coil, and the voltage impressed on the 
rotary will be reduced. 


Current Relations in Single- Phase Converter 


s 


AC 
(¢ ): 

O 

S 


— > 100 100 100 
136.6 
50 50 100 ; 
3a 
E Ly 
+o (“OQ ‘(© 
100 
100 100 100 100 100 


Resultant 


Fia. 283. 


If the series field m.m.f. is so adjusted as to give leading 
current at full-load, then at light-load, the current will be lagging. 
By this means of adjustment, a constant direct-current voltage 
may be maintained. To get this adjustment, the shunt and 
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series field m.m.f. should give unity power factor at about 
34-load. 

Question.—In a given case, it may be required to obtain con- 
stant direct-current voltage from a given constant generator 
voltage, Ho, of such a value as to require the interposition of 
transformers. How shall the transformer ratio be determined, 
so as to give the most efficient operation? 


Line Reactive Coil 


Fig. 284. 


If constant voltage, e, impressed on the rotary is assumed, 
the fundamental equation is 


Ey =e + @+ jv) + je) 


where r + jx = impedance of line and coil. 
But generally, e is not constant, but should vary with the 
load—that is, with 7. The equation is 
By =e tik + @+ Gi) + ja) 
=etik+ir—ve+ (ix + 7’r) (128) 
where k is the percentage of over-compounding. 
Assuming that 2’ = 0 at, say, 34-load, the first step is to find 
7’ at no-load, to ascertain that it is not excessive. 
Let e + 7k =e’. Then (128) becomes 
By =e + G+ G0) +32) 
E.? = (e+ tk + ir — vx)? + (’r + tx)? 
= @? + [?Z7 + 77k? + Qei(k + r) — 2er’e approx. 
Let 7= 7 at non-inductive load. Then 
E%, = e + 77)(Z? + k?) + Qeio(k + r) 
2 meee et 7 
poe il +i +— (k + r) (129) 


e2 
At no-load z = 0. 
. Bo? = e2 + 12? — Qei’x = e? — 2ei’x (approx.) 
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The value of as is obtained from Eq. 129. 


Numerical Application——Let e = 1, r = 0.10, x = 0.30, k = 
0.10,7 = 1 at full-load, and 7% = 0.75. 


Then = = 1.12 and 7’ at no-load = — 0.38. 


The generator voltage should thus at no-load be 12 per cent. 
higher than the desired voltage at the rotary at no-load, or, in 
other words, the voltage at the line coming into the substation 
should be 12 per cent. higher than is actually wanted at the 
collector rings of the rotary. The rotary will reduce the no- 
load voltage by taking a large lagging current (in this case 40 
per cent. of full-load current), 

Thus if, for instance, a single-phase 500-volt rotary is to 


operate from a 10,000-volt generating station, the transformer 
10,000 28.2 
354.7 28.2, but Tis 25.2. 

It is interesting to note that the addition of a reactive coil to 
the installation does not add materially to the total cost. 

Thus, assuming the entire 80 per cent. reactance to be in the 
reactive coil would mean a coil of a k.v.a. capacity of 30 per 
cent. of that of the rotary converter. Compared with trans- 
formers, such coils are only half as large for the same capacity, 
since transformers are rated on both primary and secondary 
windings, while coils have but one winding to carry the current. 
The coil would therefore be but 15 per cent. in terms of trans- 
former capacity. But, since transformers cost much less than- 
rotary converters, the actual cost of the coil would be only about 
5 per cent. of that of the rotary. 


ratio would not be 


Voltage Control by Use of the “‘ Split Pole.”’—The ‘‘split pole”’ 
converter has found extensive application more especially in the 
field of lighting service, where the fluctuations of the load are 
not so persistent as they are in railway work. 

It is based upon the principle that the voltage ratio is altered 
by shifting the brushes. 

Ordinarily, the brushes on a direct-current generator are set 
at or near the neutral point, and when they are in that position, 
the generator gives maximum voltage. If shifted to any other 
point, the voltage is H cos a, where a is the angle between the 
neutral axis and that of the brushes, and Z is the voltage when 
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the brushes are on the neutral axis. Under conditions of variable 
shift, the voltage ratio of a rotary converter is then, 


Vora 
Heosa 


In order to increase the amount of the variation of this ratio, 
the poles are slotted, or split, directly over the position chosen 
for the brushes, as shown in Fig. 285, thus enabling the brushes 
to take a position, which, otherwise, would 
be impossible owing to bad commutation. 

Such an arrangement, while it permits 4 <q 
a great shift, does not give variable shift. ins Fr 
To obtain variation of the shift, which is 
indeed necessary in order to have voltage 
control, the poles may be split into two or 
more separate sections, each with its own exciting coil. 

Suppose, for instance, an arrangement such as shown in Fig. 
286. Let the poles N and S, alone, be excited. The axis of the 
main flux is then along the line making an angle a with the hori- 
zontal. Suppose, now, as the load comes on, poles N’ and S’ are 
excited by means of a series winding. ‘The flux axis is then shifted 
toward the horizontal, decreasing a, 
and consequently increasing the direct- 
current voltage. The amount of such 
variation of voltage is considerable. 
Tests on a certain three-phase machine 
showed that with constant impressed 
alternating-current voltage of 194 the 
direct-current voltage ranged from 317 

Fie. 286. to 200, giving at all times sparkless 
commutation. 

Poor commutation in rotary converters is due almost entirely 
to self-induction of the coil short-circuited by the brushes. This 
effect is of sufficient importance to justify the use of inter-poles. 


Fig. 285. 


Armature Reaction in Rotary Converter 


Problem 118.—Prove that in an ordinary rotary converter the resultant 
armature reactive m.m.f. due to the direct current and the power component 
of the alternating current is zero. 

Solution.—Consider a two-pole machine. Let J = direct current, and 


m = total turns. Then the ampere-turns due to direct current = m X a 
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As these turns are distributed, the direct-current armature reaction = 
2 Led 
Co aS 
This reaction, considering the brushes to be at 0° shift, is along the axis 
of the brushes. 
Armature reaction due to the power component of the alternating current, 
is also along the brush axis, but opposite to the direct-current reaction. 
Alternating-current armature reaction due to the wattless component is 


IN ; 
oy Al DOV Gans 


where i’a.c. = Ia.c, Sin a, and 7’) = effective turns per phase. 

With the power component, the expression for armature reaction is 
exactly the same but the direction of the reaction is along the brushes in- 
stead of along the field axis as with the wattless component. 

: Men Wee oe 

.. Alterating-current armature reaction = 3 1/2 tac. To where Vasc 1S 
the power component, in the direction of the direct current. 

But 7 

: V2I 
tac, = —————_- 
. us 
N sin N 
Substituting this 
Noe cass IT 
oO V/ 2i a-ce T =a ares 
sin N 


Effective turns per phase, 7’) = kt, where t = turns per phase. 
chord _ N in T 


k = ratio, Be ee N 
: IN a as 
a AS {Sin yy 
Also, 
Nt =m: 
Substituting these values, alternating-current 
E mI ; 
armature reaction due to i = — = direct-cur- 
Tv 


rent armature reaction, and the total reaction in 
the brush axis is 0. 

Armature reaction is present in split-pole ro- 
taries to a limited extent. The direct-current 
reaction is always along the brush axis, while the 
alternating-current reaction due to the power 

Fie. 287. component of the current is at right angles to 
the resultant flux. 

The angle, a, Fig. 286, is the angle of relative brush shift. The direct- 
current reaction, F’, Fig. 287, may then be resolved into components, F; 
along the flux axis, and F, in line with the alternating-current reaction. 

The alternating-current reaction due to the power component of current 
is in line with Fs, and is Fy = F cos a. 


wo 'ta= fF cos a = Fo, 


Pole Axis 
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Also, 
lit 
F, = Fsing =—~sina = 10 eH ey, 
cosa 


Thus, F2 is compensated by F,, while F; has no compensation except in 
so far as this is accomplished along the lines of the main field excitation. 
There remains an uncompensated component F’3, along the brush axis, which 
is 

FP; = FP, sin a =), ae eS 
COS a 
Example.—Let a = 30°. 
Then sin a = sin 30° = 0.5. sin? a = 0.25. cos a = 0.866. 
; 0.25 
Be = Ta Xx 0866 


That is, the uncompensated armature reaction amounts to about 30 per 
cent. of the alternating-current reaction. 


= 0.29F . 


Transformer Connections for Rotary Converters.— Most rotary 
converters receive energy from three-phase supply. In most 
cases it is simply a matter of connecting to the 
transformer terminals as would be done in the \A 
case of a synchronous motor. However, it is 
often economical to operate the rotaries as six- 
phase machines, receiving the energy, however, 
as three-phase. In connecting six-phase, the principle is to 
always have the direction arrows as shown in Fig. 288, for either 
A or Y-connection. This is illustrated in Fig. 289 by what is 
called the double A-connection. Each primary supplies power 
for two secondaries whose terminals are led to the slip rings of 


Be ¢ 


Fig. 289. ieee, PANO) 


Fria. 288. 


the rotary converter. There are six slip rings. ach slip ring is 
connected to two transformers. The terminals are indicated by 
corresponding numbers. Fig. 290 illustrates the double T-con- 
nection. ‘The arrows show the only essential precaution that is 
necessary to take. There are still other ways of connecting S1X- 
phase, as the “diametrical,” in which the terminals of each 
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transformer are connected to diametrically opposite points on 
the armature. 

Synchronous Condensers.—When a rotary converter or syn- 
chronous motor is over-excited so that it takes a leading current, 
it may be used on a system for the purpose of improving the power 
factor. 

Such uses are of frequent occurrence where the load consists 
principally of induction motors with their large lagging compo- 
nents of current. Machines used for the purpose of neutralizing 
this lagging current by drawing on the supply for an equal leading 
current, are called ‘‘synchronous condensers.” 

The commercial problem is, in any case, to determine whether 
the saving in line and generator loss, improvement in regulation, 
and, with initial installations, the saving in capital expenditure, 
justify the additional expenditure required for the installation of 
synchronous condensers. 

As a concrete illustration, consider a system with poor voltage 
regulation. Can the owners afford to buy synchronous con- 
densers, at say, $10 per kv.a., in order to improve the operation of 
the system? Let it be assumed that the power factor is ordinarily 
only 70 per cent., that the cost of energy to the station is 1c. 
per kw. hr., and that the load factor is 30 per cent. 

At normal full-load, 7 = 1 = load component of the current. 
Then, since cos ¢ = 0.7, 2’ = 1 = wattless component, lagging, 
and the total current is J = 7 — jz’ = 1 — J. 

To neutralize the lagging component, a leading component, 7’. 
= 1, is required. [If this is the full-load current of the condenser, 
its rating is at once determined and, thereby, its cost. It would 
probably be better not to try to make the current lead by 90°. 
For instance, let the condenser also do some work, say 7. = 0.1. 
Then 

Ib 


I 


0.1 + 71, 
and 


I. = V1.01 = 1.005. 


I 


Thus the condenser current is practically unaffected in amount 
by the addition of a 10 per cent. load. 

The total station load is now 7+ 7%, = 1.1. Whereas, pre- 
viously its current was I =-1.4, it is now only 1.1, and yet the 
useful load is not only the same but is 10 per cent. greater. 
The voltage of the load is taken as e = 1. 
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The line loss has been reduced in the ratio 3) ; or 38 per cent. 

Assuming, previously, a line and generator loss of 20 per cent. 
which would be reasonable under the conditions, the saving 
amounts to 0.38 < 0.2 = 0.076 watt. 

At 30 per cent. load factor, this saving is 0.076 X 0.3 = 0.0228. 
The gain in power from the condenser is 0.1 X 0.3 = 0.03. 
At 1c. per kw. hr., and assuming 7200 hr. per year, the value of 
energy saved is 


$0.00001 7200 X 0.0528 = $0.0038 
Cost of condenser at $10 per kv.a. is 
$0.01 X 1.0 = $0.01 


Interest at 6 per cent. on cost of condenser = 0.01 X 0.06 
= $0.0006. 


Problem 119.—Apply the above reasoning to a system in which the normal 
load current is 1000 amp. at 250 volts, stating the conclusion with reference 
to the advisability of buying synchronous condensers. Considering the 
line to have resistance only, show how the voltage regulation would be 
affected by the change. 

There is still one feature of the use of synchronous condensers that has 

_not been considered. In the above example, the load has been taken as 
varying to give a load factor of 30 per cent., while the synchronous condenser 
was assumed to supply at all times a leading component exactly neutralizing 
the lagging component of the load. This assumption of flexibility of the 
condenser is hardly justified. At the same time it would be undesirable 
that the condenser should draw full-load leading current continuously. 
The field excitation may therefore be obtained by compound winding such 


that at full-load 7’, = 1, while at no-load 7’, = — 1. The field of the 
condenser must therefore be made to depend on the entire load to be 
compensated. 


By making the full-load and no-load wattless components equal and 
opposite, the smallest condenser is required. This gives, however, consider- 
able no-load line loss. 

The use of synchronous condensers has now been discussed sufficiently to 
enable the student to investigate any given case and make an engineering 
report on it. 

The question of where to install the condensers, whether at the load, or 
at the power station, is also of interest, and should be discussed by the 
student, reasons being given why either position is to be preferred. 


CHAPTER XLV 
SINGLE-PHASE ALTERNATING-CURRENT MOTORS 


Under this heading would naturally be comprised single- 
phase induction motors and the various types of commutator 
motors. The development of the latter class of machines, to- 
gether with certain inherent defects in the former, has had the 
effect of rendering the single-phase induction motor nearly 
obsolete. When a polyphase induction motor is running, if one 
of the phase circuits be opened the motor will continue to operate 
as a single-phase machine. Its permissible output will be greatly 
reduced and, in general, its characteristics will be changed for the 
worse. The principal difficulty with the single-phase induction 
motor is its inability to start. Special means have to be supplied, 
such as “‘splitting’”’ the phase, that is, dividing the primary wind- 
ing into two circuits, one of which is provided with a condenser or 
resistance to give a time-phase displacement of one current rela- 
tive to the other. In some such way the motor is temporarily 
converted into a poor polyphase motor with just sufficient torque 
to enable it to start without load. After coming up to speed, a 
switch is operated which causes the motor to run thereafter 
through power supplied to one phase. 

The Series Motor.—It has already been pointed out that a 
direct-current series motor possesses, fundamentally, the quali- 
fications for operation on alternating 
current. Practically, in direct-current 
motors, the field is made strong and 
the armature weak. In alternating- 
current series motors the reverse is the 
case; the armature m.m.f. is three or 

Fra. 291, four times as strong as that of the field 
circuit. 

To determine the values of flux, current, torque, power, etc., 
we may proceed as follows: 

Consider an armature coil displaced 6° from the horizontal 
(Fig. 291). The flux enclosed by the coil is 

¢ = ®,, sin wt sin 6 
400 
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since the flux is alternating, the total flux at any instant being 
®,, sin wt. 
Therefore the induced e.m.f. per coil is 


dé 
de = a) gis Sees In(w cos wt sin @ + sin at cos 05) 


Let, now, 6 = wt, where w; = 2rf; and f; = frequency of rota- 
tion, 7.e., due to rotation of the armature; the coil has moved 
through an angle @ in the time ¢, w; being the angular velocity of 
the rotation. 


Then 
dé 
Tees 
and 
de = — ®,,(w cos wt sin 6 + w, sin wt cos 6). 


fh ; 
If there are T turns between brushes, there are dé turns in 


the little element d@. Therefore the total induced e.m.f. is 


(yp 2) . 
e=—- tt ®,,(@ cos wt sin 8 + w, sin wt cos @) dé 
6 


= ot On 2rfi sin wt 
= ee T sin wt 
= 108 


Thus, the induced e.m.f. is seen to be of fundamental frequency 
(wt), and in time-phase with the flux. 

Let the components of the flux be ¢,;, the field flux along the 
pole axis, and ¢,, the armature flux along the brush axis. These 
component fluxes are then in space quadrature. Let, also, N; 
be the number of field turns per pole, and N, the equivalent 


volts. 


2 ie Age. 
number of armature turns (Nq = al for distributed winding). 
If the magnetic reluctance were uniform about the armature 


N 
periphery, a would be equal to AE : 


a 


In practice this is not the case. These motors are provided 
with definite poles, and therefore 


or Ny 


= Seo 


De ae 


where m > 1. 
26 
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Let a =n, 
where n < 1. 
Then neo mn. 
a 


Since, now, the conductors are rotating in a magnetic field, 
there is induced in them an e.m.f., H,, of rotation, whose effective 
value is 
4.44 ®,fiNa 


Peri ss volts. 


E, = 


N.,, here, is used for the effective turns of an equivalent single- 
phase alternator. 

The induced e.m.f. in the armature due to the alternation of 
the armature flux, da, 1s 


| 4,446,fNo 
i SF volts, 


and, similarly, the induced e.m.f. in the field due to the alterna- 
tion of the field flux, ¢;, is 


ie Saat ratte! 


The total e.m.f. induced either by rotation or by ‘transformer 
action”’ is the sum of these three e.m.fs. treated as time vectors. 

E, is in time-phase with ¢;, while Z, and #; are in time-quadra- 
ture both with ¢, and @y,. 

.. the total induced voltage is 


BE; = VE? + (Ba + E/)® 


But, Ey eke a oF 
Ey; - SN; 17 n 
where Pats hoe: 
$= ie and, as before, n = INE 
Also, Hang Pe weak 
E;  Ny®; mn? 
.. Substituting 
E, = SEY and E, = es, 
n mn 


ie Er. os Pyne Tee AL/ 4. 


mn? 
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If resistance drops in the field and armature coils are neglected, 
E; = E, the impressed e.m.f. The reactance may be determined 
as in the case of the induction motor. Let 2; = reactance of 
field winding. Then a; = ae 

Substituting in the equation for induced e.m.f., 

I En En pone 
= = = rox. 
apV A aWVA Me 


The electrical power input is 


P, = EI cos a. 
Mechanical power output is 
ate Bn _ XE, Ens 
ap/ A wyA 
PS Ben 
Torque = 7 = ee all synchronous watts. 
Thee Soe at synchronous speed 


torque at standstill 
Lie AG (mn? + 1)? ; 
T, A, mn? + (mn? + 1)? 

As an example, assume a motor of uniform reluctance (m = 1), 
and of the same number of turns in the armature and field coils 
(n= 1h): ; 

Then 


i ae 4 
em oO: 

In such a machine the starting torque is not much greater than 
that of full-load, which is not very satisfactory for the class of 
work series motors are usually called on to perform. 

An approximate ratio, 

185 mnt De 


TT, mn?+mnt 1+n? 


Using this expression, if n = 0.5, 
qe: 0.2 


i, eon 0.2. 


The starting torque is five times as strong as that at synchron- 
ous speed, 


On 
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Compensated Series Motor.—The practical operation of the 

series motor is attended with difficulty owing to the tendency to 

excessive sparking. It also has poor 

power factor. In the short-circuited 

coils heavy electromotive forces are 

produced by the alternating flux. To 

overcome these electromotive forces 

compensating windings are supplied 

E which under speed conditions act like 

inter-poles to neutralize the armature 

reaction and self-induction of the short- 

circuited coils. Fig. 292 gives the wiring diagram of the com- 
pensated series motor. 


Fie. 292. 


Problem 120.—Derive the complex equations for the series alternating- 
current motor with compensating coil. 
Solution.—The impressed e.m.f. may be written 


B= IR +B, $j (lx + Ep, 


where R = total resistance of armature, field and compensating coil, 
x self-inductive reactance of armature and coil, 
E, = e.m.f. due to rotation, 
E; = induced e.m.f. in the field. 


It has been shown that 


s 
Es o= n Ey, 
also 
Ey = 4.446;N,. 
Substituting, 
b; = /2 oy, and ¢y = we = effective value of the field flux, 
where Ny = field turns and p = reluctance, Ey = sen Ate 
Also, 
xy = reactance of field, = 2x f Ly, 
and 
Ly = GIN 5 a eS e, 
IX108 p X 108 
Pam LENE 
p X 108 
and 


Ey; = 2a;1, by substitution, 
“EB = IR + Ixy ~ + j (In + Izy) 


=I [ « + ay ) +j (w+ u)| 
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or, 

E = I(a + jo}, wherea = R + ae 
and 

b= 2 + a, 

Peat ip 
and 

At E 

Va? + b? 
a 
Power factor = cos ¢ = 
O° Va te 


Power = E,I = = a1. 


ower 2,J? 
Torque = 2 = 2. 
8 n 


The general equations for series alternating-current motors may thus be 
written. They are: 


Bate t 2) 4 @ +a)" 


giving the voltage and current relation, 
Power factor = cos a, where 


tan a = me 
Sxz 
R+ re 
2 
Power = H,I = = x ae = ? 
(w+ )2 4 we +m? 


0.059 X syn. watts X poles 
8 


Torque = ft.-lb., 


power 
Se synchronous watts. 


Problem 121.—A series alternating-current motor has the following con- 


stants: 2 hp., 4 poles, 60 cycles, armature has 29 coils, each coil having 9 
2 


UIBNEL oo Ji = SK mae = 41.4 effective turns per pole. Each field 


wv 
field turns WN; 19 
arm.turns WN, 41.6 
0463 ep = 153 = 0135 a, - S185 7a = 0135 7 = O14 rooms, = 0.33 
Reotat = 0.74; voltage impressed = 110. 
Find power output, power factor, efficiency, apparent efficiency, torque, 
at speeds in per cent. of synchronous speed. 


pole has 19 turns. .. Ny =19. mn = ratio 
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Ss =per cent. 
speed 0.0 0.2 0.4 0.6 0.8 1 3(0, 1 hac) 2.0 


0.0 | 0.435; 0.87 | 1.3 1.74 | 2.17 | 3.26 | 4.35 
Hy 0.0 | 0.635} 1.31 | 1.95 | 2.62 | 3.26 | 4.89 | 6.53 


a=R+ 4 0.74 | 1.393] 2.05 | 2.69 | 3.86 | 4.0 | 5.67 | 7.27 


b=a2+ 4% 1.8 1.8 1.8 1.8 Ib fe) 1.8 1.8 
Va? + b? 1.94 | 2.27 | 2.74 | 3.24 | 3.8 4.38 | 5.92 | 7.5 


E 
[= —= 5" (56.8 48°55 (40/2), 184505129.0) 125.2 1S Gey, 


if 3230.0 2350.0/1620.0,1160.0) 840.0) 635.0) 346.0) 217.0 
P=f? ay 0.0 /15385.0,2120.02260.0/2200.0 2070.0 1690.01420.0 


— 
i°,2) 


0.381} 0.615; 0.75 | 0.83 | 0.885) 0.914) 0.95 | 0.97 
Pinpw = [2a |2390.0/3280. 0/3330. 0/3130 0/2820 .0 2540 .0/1950.0 1580.0 
Erf. spe 0.0 | 0.47 | 0.637) 0.723) 0.78 | 0.817) 0.868) 0.9 


I2@ 

EI 6250.0 5340.0 4420 .0/3740 .0/3200.0 2780.0/2050.0/1620.0 
App. eff. 0.0 0.289} 0.477] 0.6 0.69 | 0.747} 0.823) 0.872 
Hp. 0.0 2).05) |) 2084: | ScOSa 22959 2578") 2227 I le9 
Atesweptey ls eo 7700 .0 5300 .03770.0.2750.02070.01130.0, 710.0 


Tingle C1 seme eee 90.0 |62.0 |44.1 |32.2 24.2 |13.3 8.3 


% Efficiency, App. Eff., Power Factor. Current, Torque, Power 


0! 10,2" 0.45 0.6°0.8) 91.0" 12) 164 le Lg Slo 
% Speed, S. 


Fie. 298. 
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The performance curves of this motor are given in Fig. 293. 
Repulsion Motor.—A different motor, but one whose charac- 
teristics are the same as those of the series type, is that which 
is known as the repulsion motor. Its principle was discovered 
by Exrav THomson. 

Its chief features are that the armature is short-circuited 
through the brushes, and that torque is obtained by giving the 
latter a shift of about 75° from the normal neutral position. 
The angle 6, Fig. 294, is that between 
the field axis and the brush axis. 

If the brushes were set on the field 
axis (@ = 0°), the machine would act as 
a short-circuited transformer. If the 
brushes were set on the neutral axis 
(@ = 90°), no current would flow in the ~ 
armature at standstill since there would 
be no resultant induced e.m.f. acting in Fie. 294. 
the short-circuit. 

Two sets of brushes are sometimes used, one set being on the 
flux axis and the other on the neutral axis. A prominent ex- 
ample of this type is known as the WINTER-EICHBERG motor. 

Considering now the theory of repulsion motor action, let the 
flux ¢ be resolved into two components, ¢: = ¢ cos @ in the 
direction of the brush axis and ¢; = ¢ sin @ at 90° from this axis. 
¢: may be called the transformer flux 
owing to its purely inductive action 
on the armature. Let the magneto- 
motive forces causing ¢, ¢ and @y 
be, respectively, YF, F; and Fy;, and 
that of the armature be F,. These 
may be represented as acting in a 
motor as shown in Fig. 295. If there 


Transformer 


[des were perfect mutual induction between 
Fic. 295. F, and F,, these would be equal at 


standstill, and the flux ¢; would cease 
to exist. In that case there would be no al drop across the 
“transformer”? poles, and if the rJ drop were neglected, the 
whole impressed voltage would be across the “‘field”’ poles. 
Denoting by H the impressed e.m.f., by H; the drop across the 
transformer poles, and by E; the drop across the field poles, then, 
assuming perfect mutual induction at standstill, 


E, = 0, and E; = &. 
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As the armature starts to revolve due to the torque between 
the field flux and current, an e.m.f. is generated in it by rotation. 
This e.m.f., E,, is in time-phase with the flux ¢;, and generates 
current, J,, in the short-circuited armature. Fy 

I, must attain a value such that Le = K,. Le may be 
called the e.m.f. of alternation of the current. 

It has been assumed that at standstill ¢, = 0. With the pro- 
duction of I, by rotation, ¢ is increased, and at synchronous speed 
the total current reactions cause ¢ to equal ¢,. 

These relations may be seen with the 
Ey, % aid of a vector diagram, Fig. 296. 9, 
Ey and ¢; are in space-quadrature, and also, 
E due to the compensating action of the 
Fic. 296. armature on the transformer poles, they 
are in time-quadrature as well. Their 

relative values are expressed by the equation 


pt =F or = Soy, 


where f; = frequency of rotation and f = synchronous frequency. 
The instantaneous value of ¢; is 


dy; (inst.) = B; cos 8, 
and of qi, is 
gd: (inst.) = s@; sin @. 


turnson transformer poles WN; 


Let n turns on field poles ie Ns 


It must be remembered that this machine is hypothetical; 
there are not actually two sets of poles. The relative values of 
N, and N; depend entirely on the brush shift. At 45° shift they 
are equal, andn = 1. At 75°, or a = 15°, n > 1. 

The e.m.f. of rotation, then, evidently depends on the speed, 
the brush shift, and H,, the voltage across the field poles. It is 


E, = snE;. 


These two e.m.fs., that of the field and that due to rotation of 
the armature, make up the total e.m.f., HE. Since they are in 
quadrature, 


E= VE? + EP = Eyv/nis? +1. 
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The current, since rJ drop is neglected, is 


yep Bs. 
Uy 
On the basis of perfect mutual induction, also, the transformer 
induced armature ampere-turns = ampere-turns on the trans- 
former poles, or [;N, = IN;. 
N 
> din s= = Ik WN, 
where J, is the current in the armature due to the inductive action 
of the transformer poles. 


Also, the current in the armature due to E, gives 


LINE =U IN, 


that is, the armature ampere-turns due to rotation are propor- 
tional to the ampere-turns on the field poles in the ratio hi These 


two currents, J; and J,, are evidently in time-quadrature although 
in space-phase. The total armature current is, therefore, 


(NW? (Ns? BAN. 
ea TR) + ote) 
(y a 
Power factor of the motor is determined from the components 


of the impressed e.m.f., H. Thus, 


E, 
power factor = cos a =F 


Power developed is P = E,J. 


Ie 
Torque = 


synchronous speed 


Current input, 


Where imperfect mutual induction exists it is necessary to 
introduce the term x; to account for the self-induction of the 
transformer poles. 


INDEX 


Abampere, 1, 21 
Abohm, 1 
Abvolt, 1 
Admittance, 110 
Air gap of alternators, 293 
of induction motors, 365 
Alternating current, 38 
Alternator, 246 
definite pole, 258 
design, 289 
field winding, 298 
heating, 299 
rating, 250 
reactance, 270 
regulation, 300 
round rotor, 259 
short-circuit, 301 
three-phase, 246 
two-phase, 246 
Ampere, 1, 21 
Apparent efficiency of transmission, 
ily 
Armature, drum, 48 
laminations, 296 
length, 58, 294 
reaction, 47, 60, 252, 278, 322, 
395 
resistance, 64, 295 
ring, 48 
winding, 46 
Auto-transformer, 240 
for two-phase—three-phase 
transformation, 241 
with induction motor, 364 
Average value of sine wave, 41 


Balancer, 90 

Ballistic galvanometer, 102 

Bar windings, inductance of, 275 
Battery for three-wire system, 90 
Belt leakage flux, 374 

Booster, 94 

British thermal unit, 7 

Brooks and TurNzER, 36 
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Brush design, 66 
resistance, 65 


Calorie, 7 
Capacity, 123 
distributed, 162 
of a concentric cylinder, 155 
of a sphere, 124, 153 
of a spherical concentric con- 
denser, 154 
of a three-phase cable, 158 
of a transmission line, 156 
of two parallel plates, 156 
reactance, 126 
Characteristic, motor speed, 99 
torque, 100 
Charge of a condenser, 123 
Charging current of a transmission 
line, 158 
Circuit, magnetic, 57 
Coercive force, 19 
Commutating pole, 74, 82 
winding, 80 
Commutation, 82 
Commutator, 66 
Compensated A.-C. series motor, 
404 
Compensating winding 74, 80, 82. 
Compensators; see Auto-trans- 
formers. 
Complex quantities, addition of, 169 
differentiation of, 172 
division of, 170 
exponential representation of, 
172 
involution and evolution of, 170 
logarithm of, 172 
multiplication of, 170 
representation of, 169 
roots of, 171 
Compounding curves of alternators, 
266 
Condenser, 123 
synchronous, 398 
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Conductance, 2, 110 
Conductivity, 2 
Constant-current transformer, 121 
potential—constant-current 
transformation, 120, 140 
Core-loss current of induction motor, 
379 
current of transformer, 176 
dependence on e.m.f. wave 
shape, 194 
relation to form factor, 195 
Cosine series, 171 
Cost of transformers, 223 
Coulomb, 1, 15 
Cross-magnetization, 49 
Current, 1 
density, 56 
in alternator armature, 291 
distribution in rotary con- 
verters, 391 
ratios in rotary converters, 383 
Cylindrical poles, 15 


“Dead points” in induction motor, 
369 
Demagnetization, 49 
Density, current, 56 
energy, 17 
of magnetic field, 14 
Design of alternators, 289 
of D.-C. generators, 55, 74 
of induction motors, 365 
lifting magnets, 26 
Dielectric strength, 125 
Distorted waves, 133, 196, 232 
Distributed capacity, 162 
inductance, 162 
winding, 50 
three-phase, 281 
Distribution factor of three-phase 
winding, 292 
Doxsrowo.sky, 91 
Drum winding, 48 
Ducts, ventilating, 58, 294 


Kiddy current loss, 187 
of D.-C. generator, 70 
in transformers, 211 
Edison three-wire system, 89 


INDEX 


Effectiveness of coil, 42 
Ieffective value, of distorted wave, 
134 
of sine wave, 40 
Efficiency of D.-C. generator, 68 
of transformer, 210, 220 
of transmission, 117 
Electro-dynamometer, 146 
E.m.f. waves, generation of, 30 
End connections, inductance of, 271, 
377 
stresses on, 319 
Energy density, 17 
of short-circuit, 314 
Equalizer, 89 
Exciting current of transformer, 174, 
191 
Exponential series, 172 


Farad, 157 
Farabay, 14, 29, 44, 124 
Field current at short-circuit, 323 
voltage at short-circuit, 323 
winding of alternators, 298 
Flat poles, 15 
Flux calculation, 56 
for alternators, 292 
density in teeth, 294, 367 
in transformers, 212 
distribution around armature, 
67 
leakage, 56 
Fly-wheel effect on hunting, 287 
Force, lines of, 14, 124 
on wire in a field, 21 
tubes of, 124. 
Form factor, 42 
relation of core loss to, 195 
FouRIER’s series, 190, 196 
FRANKLIN, 124 
Frequency, 38 
Friction loss in D.-C. generators, 70 | 
Fringing factor, 58 
FROELICH’s equation, 51 


Galvanometer, ballistic, 102 
as ammeter, 103 

Gauss, 15 

Gauss’ theorem, 15 
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Generator, alternating-current, 246 Induction motor, horsepower of, 348 


design of a D.-C., 55 
direct-current, 45 
efficiency of a D.-C., 68 
homopolar, 44 
induction, 258 
losses in D.-C., 68 
three-wire, 90 
turbo-, 258 
Generators in parallel, 88 
in series, 89 
Gradient, potential, 153 


Heating of alternators, 299 
of D.-C. generators, 72 
of rotary converters, 385 
of transformers, 222 
Henry, the, 33 
Homopolar generator, 44 
Horsepower, 100 
of induction motor, 348 
Hunting, 283 
Hysteresis, 18 
constants, 187 
loop, 186, 190 
loss, 186 
in D.-C. generator, 70 
in transformers, 211 


Impedance, 105, 108 
condensive, 126 
triangle, 106 

Inductance, 33 
distributed, 162 
of bar windings, 275 
of concentric cable, 159 


magnetizing current, 379 
maximum output, 349 
performance curves, 349, 381 
power factor of, 348 
reactance, 373 
secondary resistance, 352 
rotary field, 343 
single-phase, 400 
slip of, 345 
slot and tooth dimensions, 366 
squirrel-cage winding, 362 
theory of operation, 344 
torque of, 347 
types of, 362 
with auto-transformer, 364 
mutual, 117 
Inductive circuit, characteristic fea- 
tures of, 39 
current in, 35 
fundamental equation of, 38 
Instruments, formule of magnetic, 
24 
Insulation in slots, 291 
thickness in transformers, 215 
Intensity of electric field, 152 
of magnetic field, 14 
Interlinkage factor, 159 


Joule, the, 6 


KENNELLY, 113 
KircHorr’s laws, 4 


Laminations, 296 
Leakage factor, 77 


of end connections, 271, 377 flux, 56 


of transformers, 202 


Lifting magnet, 26 


of transmission line, 119, 160 Lines of force, 14, 124 


maximum, of coil, 36 
Induction motor, 342 


Losses in D.-C. generator, 68 


abnormal operation of, 361 Magnet, lifting, 26 


air gap, 365 


for metors, 16 


at end of transmission line, 364 pull of, 16 


core loss, 380 

current, 379 
“dead points,” 369 
design, 365 
equivalent circuit, 346 


_ Magnetic circuit, 57 
dimensions, 296 
cycle, 17 
density, 14 
field intensity, 14 
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Magnetic intensity determinations 
of, 21 
Magnetism, 14 
molecular theory of, 17 
residual, 17 
Magnetization,. 18 
curves, 26 
Magnetizing current of induction 
motor, 379 
of transformers, 176, 213, 220 
Magnetomotive force, 18 
Maximum output of induction 
motor, 349 
short-circuit current, 305 
Molecular theory of magnetism, 17 
Motor, A.-C. single-phase, 400 
D.-C., 98 
induction, 342 
principle of, 20 
repulsion, 407 
speed characteristics, 99 
synchronous, 324 
WInNTER-EICHBERG, 407 
Multiphase short-circuits, 320 
Mutual induction, coefficient of, 177 


Natural period of a machine, 284 
Network, solution of, 4 


OERSTED, 20 

Ohm, 1 

Ounm’s law, 3 

Onngs, 301 

Open delta transformer connection, 
236 


Parallel circuit calculations, 129 
Permeability, 14, 19 
Phase characteristics of synchron- 
ous motors, 335 
difference, 106 
Pole intensity, 17 
Potential, 162 
difference, 1 
gradient, 153 
Power, 6, 42 
average value of, 114 
by symbolic method, 113 
equation, 35 
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Power factor, 116 
of A.-C. generator, 117 
of D.-C. motors, 99 
of short-circuit, 305, 318, 321 
of three-phase alternator, 249 
Pull of magnet, 16 


Rating of alternators, 250 
of auto-transformers, 240 
of T-connected transformers, 
238 : 
Reactance, 39 
of alternators, 270 
of armature coils, 258 
of induction motors, 373 
of synchronous motor, 324 
of transformers, 221 
Regulation of alternators, 300 
of transformers, 221 
of transmission line, 117 
Reluctance, 68 
of three-phase transformers, 234 
Repulsion motor, 407 
Residual magnetism, 17 
Resistance, 1 
armature, 64 
brush, 65 
in induction motor secondary, 
352 
of rotor, 371 
of synchronous motor, 324 
series field, 65 
shunt field, 62 
Resistances in parallel, 3 
in series, 3 
Resistivity, 2 
of conductors, 3 
Resonance, 128 
effects, 137 
Resultant field of three-phase sys- 
tem, 254 
Ring winding, 48 
Rotary converter, 383 
armature reaction, 395 
current distribution in, 391 
heating of, 385 
six-phase, 385, 397 
transformer connections for, 
397 


INDEX 


Rotary converter, voltage control, 
385, 391 
voltage and current ratios, 383 
with split poles, 394 
field, 343 
Rotor resistance calculation, 371 
slots, number of, 369 


Saturation curves, 26 
calculation of, 59, 78 
Scott connection, 237 
‘Series circuit calculation, 126 
field winding, 63 
lighting circuits, 120 
motor, A.-C., 400 
starting torque of, 403 
compensated A.-C., 404 
Short-circuit current, maximum, 305 
energy of, 314 
field current of, 323 
field e.m.f. of, 323 
multiphase, 320 
of alternators, 301 
power of, 305, 318, 321 
stress on shaft due to, 313 
Shunt field winding, 62 
Stmmpns’s electro-dynamometer, 
146 
Sine series, 171 
wave, average value of, 39 
effective value of, 41 
Single-phase A.-C. motors, 400 
Six-phase rotary converter, 385, 397 
Slip of induction motors, 345 
Slot design, 276 
dimensions of alternators, 290 
of induction motors, 366, 369 
insulation, 291 
pitch, 290 
Slots, number of rotor, 369 
Speed characteristics of motors, 99 
Split pole rotary converters, 394 
Squirrel-cage winding, 362 
Starting torque of series A.-C. motor, 
403 
Stator teeth flux density, 367 = 
STEINMETZ, 113, 162, 178, 187, 198 
Stresses in transformers, 202 
calculation of, 206 


415 


Stresses on armature end connec- 
tions, 319 

Susceptance, 110 

Symbolic method, 113 

Synchronous condensers, 398 


converters; see Rotary con- 
verters. 

impedance, 302 

motor, 324 


diagram, 325 

equations, 327 

phase characteristics, 335 

reactance, 324 

resistance, 324 

V-curves, 326, 341 
watts, 348 


Teeth flux density, 294, 367 
Temperature coefficient, 2 
of conductors, 3 
Tomson, Extau, 407 
Three-phase system, 227 
resultant field of, 254 
wave distortion in, 230 
with neutral, 228 
transformers, 229, 233 
reluctance of, 234 
Three-wire generator, 90 
system, 89 
Torque characteristics, 100 
of D.-C. motors, 99 
of induction motors, 347 
“Transformer action’ in single- 
phase motors, 402 
Transformer, auto-, 240 
calculation, example of, 179 
approximate method of, 181 
coil connections, 216 
connections for rotary 
verters, 397 
core area, 214 
length, 214 
loss current, 176 
diagram, 175 
design, 209 
efficiency, 210, 220 
equivalent circuit, 178 
exciting current, 174 
flux calculation, 214 


con- 
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Transformer, flux density, 212 
heating, 222 
inductance, 202 
insulation thickness, 215 
losses, 211 
magnetizing current, 176, 213, 
220 
number of turns of, 214 
rating, 179 
reactance, 221 
regulation, 221 
weight, 223 
winding calculations, 215 
Transformers connected open delta, 
236 
three-phase, 244 
core type, 209 
cost of, 223 
cruciform type, 209 
for six phases, 245 
in parallel, 243 
in series, 242 
lighting, 211 
methods of cooling, 210 
power, 211 
rating of T-connected, 238 
shell type, 209 
stresses in, 202 
calculation of, 206 
T-connected, 237 
Transmission line calculation, 113, 
165 
approximate, 132 


INDEX 


Transmission line capacity, 156 

Tubes of force, 124 

Two-phase—three-phase transforma- 
tion, 228 


Unit pole, 14 
Units, 1 


V-curves of synchronous motor, 
326, 341 
Vector, see Complex quantities. 
addition, 113 
multiplication, 113 
Ventilating ducts, 294 
Volt, 1 
Voltage control of rotary converters, 
385, 391 
ratios of rotary converters, 383 


Wattless component, 108, 110, 145 
Wattmeter, 146 

compensated, 148 

connections, 147 

correction factor, 150 

errors, 150 
Wave analysis, 196 

distortion in transformers, 189 
Waves, generation of e.m.f., 30 
Weight of transformers, 223 
WINTER-EICHBERG motor, 407 


Zero vector, 108 
“Zig-zag”’ flux, 374 
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